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Abstract
The transport of iron ore fines and other metallic ores by sea has been of increasing concern in
recent years as several ships, their cargo and crew have been lost as a result of liquefaction of
the onboard cargo. The mechanics behind the liquefaction of the cargo is not well understood
and one of the main areas of uncertainty that is currently being studied is in understanding
the soil mechanics behind the behaviour of the unsaturated ores when subjected to severe
cyclic loading conditions that can develop during transportation. Shipping standards have
also developed various procedures to prevent these hazardous cargoes from liquefying by
defining the Transportable Moisture Limit (TML). This is the maximum allowable moisture
content at which a material is designated as being at risk of liquefaction when loaded into
bulk carriers. However, the rationale behind simply using a TML to prevent liquefaction of
the material during transportation, has been questioned.
This thesis uses a Critical State Soil Mechanics perspective to more rigorously understand
the mechanics behind the liquefaction of materials similar in grading to the metallic ores that
have been known to liquefy during shipping transportation. In particular, the influence of
grading, fines content, density and degree of saturation on the cyclic liquefaction behaviour
of these materials were experimentally investigated through performing saturated and un-
saturated, monotonic and cyclic triaxial tests and small centrifuge tests. A fully coupled
hydro-mechanical model was also calibrated and used to gain a better understanding of the
effects of fines content and degree of saturation on the hydraulic behaviour of the materials.
The findings and implications of the results on the liquefaction behaviour of ship cargoes,
that have been obtained from this research project, will be presented and discussed in this
thesis.
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Chapter 1
Introduction
1.1 Background
Liquefaction of metallic ore cargoes in the hold of large ore carriers during maritime trans-
portation has been reported since the early 1900s (Green and Kirby, 1981). Once the cargo
liquefies, it can cause the ship to develop a list, become unstable and eventually capsize.
Shipping standards have since identified these cargoes as "Hazardous Cargoes" and various
procedures have been adopted to prevent them from liquefying. However, the loss of ships
due to liquefaction of their metallic ore cargoes has continued to be a problem as between
1988 to 2004, at least 24 large ore carriers capsized transporting iron and other metallic ores,
resulting in the loss of 177 lives (Rose, 2014) and recently in 2017, another bulk carrier
transporting approximately 250,000 tonnes of iron ore capsized resulting in an additional
loss of 22 lives (Company of Master Mariners Australia, 2018). This is partly because the
mechanics leading to the liquefaction of the moist ores when subject to the cyclic loading that
can develop due to the rocking motion and vibrations of the ship during transportation, is still
not well understood. A main area of uncertainty is in understanding the soil mechanics of
the ores when subjected to the large number of cyclic loads. Therefore, the testing performed
and presented in this thesis aims to more rigorously understand the soil mechanics behind the
cyclic liquefaction behaviour of materials similar in grading to these cargoes and in particular,
iron ore fines.
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The International Maritime Solid Bulk Cargoes (IMSBC) Code categorises cargoes that
contain moisture and some fine particles as Group A cargoes, prone to liquefaction during
shipping transportation. Group A cargoes include various metal ore concentrates including
iron ore fines and while it would be better if the ores could be shipped dry, because of the
presence of fines, handling and mining processes and environmental conditions, the ores
usually contain some moisture. Therefore, the IMSBC Code states that these materials must
be loaded into the hold of the ship below a moisture content defined as the Transportable
Moisture Limit (TML).
1.1.1 The Transportable Moisture Limit
The Transportable Moisture Limit (TML) is the maximum allowable moisture content at
which a cargo can be shipped. The TML is determined based on the Proctor Fagerberg
Test (PFT), a compaction test that was originally developed by Ralph Proctor (Proctor,
1933) for the purpose of soil mechanics testing and it was subsequently adopted in the
Australian Standards AS1289.5.1.1 and the American Society for Testing and Materials
(ASTM) Standard D-698 (AS1289, 2001; ASTM, 2012). The TML can also be based on the
Flow Table or Penetration tests, however, the PFT is more commonly used in practice. The
original PFT method is described in detail in AS1289.5.1.1 or in ASTM Standard D-698. The
PFT method was then altered by a committee established by the Swedish Mining Association
and several Scandinavian mining companies and used as a simple method for determining
the TML of iron ore concentrates (Fagerberg and Stavang, 1971). Between 1993 and 1998,
the PFT was adopted by the International Maritime Organisation (IMO) and is now used
in the IMSBC code to determine the TML for ore concentrates. The altered PFT method
involves using one of five compaction hammers which have varying drop heights and weights
as shown in Table 1.1.
The densities that resulted from using the altered PFT method are believed to be represen-
tative of the density that results when the Scandinavian ores and concentrates are loaded into
the hold of a bulk carrier (Fagerberg and Stavang, 1971). Initially, the TML was selected at a
moisture content corresponding to a degree of saturation of 70% from the compaction curve
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Table 1.1 Modified Proctor Fagerberg Tests Developed for Iron Ore Fines
Method
Weight of
Hammer (g)
Drop Height
(cm)
Number of Drops
per Layer
Number of
Layers
Compaction
Energy (kJ/m3)
A 2498 30.5 25 5 934.0
B 1000 20 25 5 245.3
C 350 20 25 5 85.5
D 150 15 25 5 27.6
E 50 4 25 5 2.5
that resulted when the C hammer was used in a PFT, shown in Figure 1.1, as the resulting
density was believed to represent a conservative maximum density and moisture content at
which the metallic ores could be loaded into the hold of the ship and would not liquefy during
transportation (IMSBC, 2013). In particular, this degree of saturation and corresponding
moisture content coincided with the optimum moisture content (OMC) of the Scandinavian
ores and the moisture content at which the ores began to be at risk of liquefying during
transportation.
Recently, between 2012 and 2014, the PFT was modified again to become the Modified
Proctor/Fagerberg Test (MPFT), by the Iron Ore Technical Working Group (TWG), which
was sponsored by major industries involved in the export and transportation of iron ore
fines in particular including BHP Billiton, Rio Tinto, Vale Australia, Cliffs Asia Pacific Iron
Ore, The Chamber of Minerals and Energy Western Australia, Fortescue Metals Group, The
Minerals Council of Australia and Roy Hill (Munro and Mohajerani, 2016). The collection
of TWG reports and findings in TWG (2013c) were split into three main groups called
"Australia-A", "Australia-B" and "Brazil." Their reports mainly focused on the loading
and shipping conditions relevant to when iron ore fines was transported in Capesize bulk
carriers as a significant amount of iron ore fines was and continues to be transported in this
particular subclass of bulk carriers. Some focus was also given to the shipping conditions
that developed in Handymax and Handysize bulk carriers as these vessels were involved in
the majority of the reported liquefaction incidents (Munro and Mohajerani, 2016). Tests
performed by the TWG showed that looser densities resulted in the cargo during the loading
3
Introduction
process if the batch of iron ore fines was sourced from Australia. These looser densities were
best represented by the lower compaction energies produced from using the D hammer in the
PFT and the resulting OMCs from performing the MPFT on these batches of iron ore fines
were also observed to occur at higher moisture contents corresponding to higher degrees of
saturation ranging from 90 to 95%. Therefore, the TWG increased the TML to a moisture
content corresponding to 80% degree of saturation giving a 10 to 15% safety limit (TWG,
2013c). However, the rationale behind using PFTs to find a TML that prevents liquefaction
of the material has been questioned and more rigorous testing is required to investigate how
the density and degree of saturation affect the liquefaction behaviour of materials that are
similar to iron ore fines, a material which contains a wide range of particle sizes and varying
amounts of fines (Atkinson and Taylor, 1994; Munro and Mohajerani, 2016).
A range of soil mechanics based testing has been performed and presented in the TWG
reports that assesses the liquefaction response of iron ore fines. However, the TWG reports
only investigated the cyclic response of the iron ore fines when loaded cyclically at conditions
that occurred during the shipping transportation relevant to the Australia-A, Australia-B and
Brazil groups. As a result, it was difficult to compare the test results and gain an overall
understanding of the cyclic behaviour of these materials as tests with slightly different loading
conditions were performed on separate batches of iron ore fines, that had a range of different
gradings and fine contents. To gain a better understanding of the cyclic behaviour of iron ore
fines and potentially other cargoes prone to liquefaction during shipping transportation, a
more holistic approach is required that investigates how the grading, fines content, density
and degree of saturation affect a material’s cyclic response when subjected to different cyclic
loads.
1.2 Mechanisms of Liquefaction
From a soil mechanics perspective, liquefaction can be described as a phenomenon where
a soil loses a large portion of its strength or stiffness due to monotonic or cyclic loading
under undrained conditions. Soil that fails due to liquefaction when monotonically loaded
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experiences an increase in pore water pressures and a significant decrease in effective stress
and therefore, shear strength. However, soil that is loaded cyclically can fail either by cyclic
liquefaction or cyclic mobility. Cyclic liquefaction tends to occur in looser materials that
are highly contractive and therefore, experience a rapid increase in axial or shear strain and
pore pressures and decrease in effective stress when cyclically loaded. Soil that fails due to
cyclic mobility experiences a continual build up in axial or shear strain that is not necessarily
accompanied by a sudden decrease in effective stress nor increase in pore pressures (Castro
and Poulos, 1977). During the transportation of iron ore fines, the moist, unsaturated cargo is
subject to cyclic loading from ship vibrations and rocking motions from sea waves, which
can result in cycles much higher in number than has been investigated in typical seismic soil
liquefaction studies. Furthermore, cyclic liquefaction studies have focused on soils which
are more commonly known to liquefy, such as silty sands and these materials also very
different in grading to iron ore fines, a well graded material containing a larger variety of
particle sizes. While the TWG reports do not aim to provide an overall understanding of
the liquefaction behaviour of iron ore fines, the TWG provides information relevant to the
liquefaction response of iron ore fines as is discussed and compared to existing literature in
the next few sections.
1.2.1 Mineralogy and Fines Content
Initially, only relatively "clean" sandy soils with low fines contents were recognised as soils
which were potentially vulnerable to seismically induced liquefaction. Since then, there
has been more interest in the liquefaction potential of soils containing a significant amount
of fines as there have been a number of earthquakes that have caused many of these soils
to liquefy. Initially, the gradings of the soils that were observed to have liquefied during
earthquakes and also during shake table testing performed in the laboratory in Japan, were
used to define limits of liquefiable and non-liquefiable soils as can be seen in Figure 1.2
(Tsuchida, 1970).
The grading limits in Figure 1.2a suggested that any fine grained soils with at least
50% of its particle sizes less than 0.02mm, should be regarded as potentially vulnerable to
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liquefaction under some unspecified level of shaking. However, this chart was criticised
by Ishihara (1985) because the grading curves was only based on case studies performed on
soils of alluvial, diluvial and volcanic origin, containing fines of low plasticity, and therefore,
less susceptible to liquefaction compared to if plastic fines were present. The chart’s limits
were changed as shown in Figure 1.2b based on field performance data compiled on a
wide range of fine grained soils around Japan that contained both plastic and non plastic
fines (Tokimatsu and Yoshimi, 1983). However, various soils outside these updated defined
grading limits and soils which contained a significant amount of fines have been found
to be susceptible to liquefaction. Therefore, more recently, numerous studies have been
performed to not only identify whether a soil is prone to liquefaction, but also to improve the
overall understanding of how the grading and mainly the fines present in the soil affect its
liquefaction behaviour from a soil mechanics perspective.
In particular, the National Centre for Earthquake Engineering Research (NCEER) and
The University of Berkeley developed a unified and consistent framework based on soil
mechanics practice, that assessed the liquefaction potential of various silty and clayey sands
through using Standard Penetration Test (SPT), Cone Penetration Test (CPT), cyclic simple
shear and triaxial test data collected from numerous field and laboratory studies (Seed et al.,
2003; Youd and Idriss, 1997, 2001). Their approach was more from a performance design
based perspective as their research focused more on correlations between the measured
strength of the soil and its liquefaction response. Other studies that have specifically focused
on investigating how the fines affect the liquefaction potential and response of various silty
sands have been somewhat contradictory. Some studies have shown that the cyclic strength
of materials increased as fines content increased (Liao and Lum, 1998; Toprak et al., 1999;
Youd and Idriss, 1997) whereas other studies observed a decrease in cyclic strength as fines
were added (Lade and Yamamuro, 1997; Seed et al., 1985; Singh, 1996). Some studies
including Sadrekarimi (2013); Thevanayagam (1998); Thevanayagam and Mohan (2000),
have also used intergranular or equivalent granular void ratio to help interpret the effects
of coarser fractions (and conversely interfine void ratio for the effects of finer fractions) on
the liquefaction behaviour of silty sands. However, a clear physical particle size distinction
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between the coarse and fine fractions is required to define the intergranular and interfine
void ratios in materials, which is possible in gap graded silty sands, but is more difficult in
well graded materials. More recently, clearer trends have become apparent since the concept
of a transitional fines content has been adopted (Carrera et al., 2011; Sadrekarimi, 2013;
Soares, 2015; Thevanayagam and Mohan, 2000; Zuo and Baudet, 2015). The transitional
fines content is defined as to the percentage of fines present in a silty sand at which the fines,
rather than the sand, clearly becomes the dominant material, controlling the behaviour. It has
been observed that as the fines content is increased to the transitional fines content, there is
an increase in the material’s resistance to liquefaction and when the fines content is increased
further, the material’s resistance to liquefaction decreases (Bouckovalas et al., 2003; Dash
and Sitharam, 2009; Polito and Martin II, 2001; Sadek and Saleh, 2007; Sadrekarimi, 2013;
Xenaki and Athanasopoulos, 2003). However, despite the large body of test data available, it
is difficult to identify clear trends in the data as tests have been performed on different silty
sands that have also been prepared differently at various densities and tested under different
confining stress and cyclic loading conditions relevant to specific engineering contexts. As a
result, it is difficult to make direct comparisons between the different data sets as there are
numerous testing factors that have influenced the results.
There has been much less focus on the liquefaction behaviour of materials containing
larger gravel sized particles as these materials do not tend to liquefy as often as silty sands.
This is because these materials have higher permeabilities and therefore, are able to dissipate
pore water pressures more quickly when cyclically loaded. The higher mass of the coarser
grains also causes these materials to deposit at denser states which also increases their
resistance to cyclic failure. However, if a significant amount of fines is present, the fines
have been known to decrease the drainage potential of these materials resulting in cases
where these gravelly materials containing fines have liquefied (Andrus, 1995; Evans and
Seed, 1987; Harder, 1997; Hynes, 1988) and iron ore fines, a material containing a wide
range of particle sizes from gravels down to silts is also known to liquefy during shipping
transportation. Some studies including those performed by Ohiduzzaman et al. (2011, 2012)
have investigated the influence of fines on the cyclic behaviour of well graded road base
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materials that contained particle sizes ranging from gravels down to silts. However, these
materials were only tested at very dense states not relevant to the low relative densities that
occur in the cargo when loaded onto a ship.
There are a range of grading curves that describe the particle size distribution of iron ore
fines due to the different mining and handling processes as can be seen in Figure 1.3 (TWG,
2013c). From Figure 1.3, it is evident that iron ore fines contains a variety of particle sizes
ranging from approximately 9.5mm down to less than 0.075mm in diameter and a significant
amount of fines ranging from 18 to 28%. To directly measure the iron ore fine’s stability, or
strength that results from the dynamic cyclic loads that it is subjected to during transportation,
the TWG have performed cyclic triaxial tests and cyclic simple shear tests on saturated and
unsaturated samples of differently sourced batches of iron ore fines, separately tested by the
Australia-A, Australia-B and Brazil groups within the TWG. The main variations between
the different iron ore fines tested were in the mineralogy (goethite, haematite and magnetite
contents) and in the fines contents that ranged from 18 to 28% as shown in the particle size
distribution or grading curves in Figure 1.3. However, the main concern with the differences
in mineralogy between the iron ore fines was the ore’s goethite contents. Due to its small
needle like particle shape, goethite is believed to cause a decrease in the drainage capacity
and moisture migration (TWG, 2013c). Typically, iron ore fines sourced from Australia-A
and Australia-B had a lower fines and higher goethite content than the iron ore fines sourced
from within the Brazil group. While the mineralogy of a material affects its behaviour, from
a soil mechanics perspective, the liquefaction response of a soil is primarily controlled by
the material’s grading curve and thus, its fines content and this has also been recognised
through the definition of Group A cargoes by the IMSBC (2013). Furthermore, monotonic
and cyclic test results presented in Wang (2014); Wang et al. (2016) showed that iron ore
fines displayed normal soil behaviour and was comparable in behaviour to Inagi and Toyoura
sands.
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1.2.2 Moisture Migration
The moisture content and related degree of saturation for specific densities in the iron ore
fines has a large influence on its potential to liquefy. Measuring the movement of moisture
through the unsaturated cargo is challenging as an unsaturated material consists of solids,
liquid and gas and to measure the moisture migration, the pore air and water pressures need to
be monitored separately. In practice, the soil water characteristic curve (SWCC) is generally
used in predicting the migration of moisture through a soil as it shows the relationship
between the water content that results for a given suction where suction is typically defined
as the difference between the pore air and water pressures within the soil. The most common
measures of water content in the soil are the volumetric water content (θw), gravimetric
water content (w) or degree of saturation (Sr). However from a soil mechanics perspective, if
the changes in volume of the sample can be determined, the degree of saturation which is
dependent on the volumes of water and voids in a sample, is the most useful measurement to
relate with suction.
There is no unique SWCC that describes the relationship between the degree of saturation
and suction for a particular soil. The position of the soil’s SWCC is dependent on the size
and distribution of pores within a soil and this is related to the soil’s grading curve, prepared
densities and tested stress states. Coarser soils typically have larger pore sizes between
the larger soil particles and therefore, cannot retain water as well as finer soils. Figure 1.4
shows the typical position of SWCCs for sands, silts and clays (Fredlund and Rahardjo,
1993) and it is evident that the SWCCs shift laterally towards higher values of suction as
the soil becomes finer. This is why soils which contain more plastic fines and soils with
higher fines contents which have lower permeabilities, tend to have higher air entry values
compared to sands (Fredlund and Rahardjo, 1993).The distribution of the pores within
the soil samples and therefore, the location of a sample’s SWCC is also dependent on the
methods used in preparing the samples (Fredlund and Rahardjo, 1993). Therefore, to obtain
comparable SWCCs for materials, consistent preparation methods are also required during
sample assembly.
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The variation between the different SWCCs for samples prepared at different densities
and tested at different stress states is much more significant in clays than in sands or other
materials with low plasticity. Conventional testing methods used to determine the SWCC with
continuous volume measurements are outlined in Fredlund and Rahardjo (1993) and more
advanced apparatuses that are also able to apply one-dimensional isotropic and deviatoric
stresses, relevant when determining stress dependent SWCCs, particularly in clays, are
outlined in Ng and Pang (2000) and Ng et al. (2002). Typically, samples are initially
prepared as close to fully saturated as possible and then suctions are increased to determine
the primary drying part of the SWCC curve. Once the primary drying curve has been
established, points of interest including the air-entry value (ψaev), inflection point suction
(ψin f ), the residual suction (ψr) at their respective degrees of saturation, can be determined
through the construction of straight lines on the SWCC curve when graphed as a semi-log
plot as shown in Figure 1.5.
Once the primary drying curve has been determined, the primary wetting part of the
SWCC is subsequently found through decreasing the suction in the soil, thus allowing water
to flow back into the sample. The primary drying and wetting parts of the SWCC are not
the same due to the hysteresis associated with the drying and wetting of the soil as has been
observed by Fredlund and Rahardjo (1993); Kato et al. (1995); Nuth and Laloui (2008);
Tarantino and Tombolato (2005) and is also shown in Figure 1.6.
During the process of determining the primary drying and wetting curves, if a soil
is partially re-wetted and then dried, the relationship between the suction and the degree
of saturation in the soil moves between the primary drying and wetting curves and these
intermediate parts of the SWCC are called scanning curves. These are particularly useful for
describing the relationship between suction and degree of saturation whenever there are cyclic
changes in an unsaturated soil. Within the boundaries of the primary drying and wetting
curves, there are an infinite number of intermediate drying and wetting scanning curves
(Fredlund and Rahardjo, 1993). Many empirically determined mathematical equations,
which will not be discussed in this thesis, have been fitted to the primary drying, wetting and
scanning parts of the SWCCs for a variety of soils and these equations have been used in
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models to capture the hydraulic response of a particular soil. Most of the SWCCs and the
fitting equations for the SWCCs that have been obtained and determined in the literature,
have been for fine grained soils, typically sand, silts and clays. There has been less focus
on capturing the hydraulic behaviour of coarser materials. Fewer tests have been performed
to obtain the SWCCs for soils containing gravel sized particles as the typical pore pressure
plate apparatus, that is used to obtain a material’s SWCC is designed to test fine grained soils.
Modifications need to be made to the conventional pressure plate apparatus so that it can test
soils containing larger particle sizes (Li et al., 2009; Wang et al., 2016).
The TWG reported an SWCC for one of the iron ore fines sourced from Brazil and was
used in a model for simulating the moisture movements within the cargo. However, the
grading and density of the sample, which the position of the SWCC depends on, was not
specified and only the water content was measured as the suctions were varied. Moisture
characteristic curves were reported for several different batches of iron ore fines sourced
from Australia-A and Australia-B which compared how the moisture holding ability varied in
samples of iron ore fines of different mineralogies, and the trend suggested that the moisture
holding ability of the iron ore fines increased with increasing goethite content. From a soil
mechanics perspective, to gain a better understanding of how moisture moves through the
material, SWCCs of iron ore fines which show the effects of grading, in particular the fines
content, and density should be investigated and subsequently used in simulations to model
how the water and air would move through the cargo during transportation.
The ability of the cargo to hold water affects how moisture migrates within the cargo
when transported and this movement of water has been investigated through performing
centrifuge tests (Atkinson and Taylor, 1994). They showed that the moisture migrated
downwards due to gravity as the cargo consolidated and settled, forming a wet base in the
cargo, which was suggested as part of the mechanism that caused liquefaction and failure.
Once the wet base had formed, cyclic loading from the rocking motions of the ship caused
generation of pore pressures at the base that resulted in a total loss of strength of the cargo
and resistance to it shifting. Therefore, in the TWG reports, the development of a "wet
base" within the cargo is assumed to be a significant factor when considering the overall
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assessment and understanding of the liquefaction behaviour of the cargo and its stability. A
maximum water level of less than 2m was reported in the Brazilian cargoes of iron ore fines.
However, the pore water pressures measured at different locations within the cargo varied
significantly during transportation. Maximum water pressures of 5 to 9kPa were measured at
the bottom of the cargo in a particular hold, however, during the same voyage, significantly
higher water pressures of 80kPa were measured in the bottom of the cargo situated in a
another hold, which suggested that a higher water level of approximately 8m occurred within
the cargo. The water pressures at the base of the cargo remained high for several days even
though the bilge pumps, located at the base of the cargo, were used as they resulted in only
local and momentary decreases of 15 to 20kPa in the water pressures. This suggests that a
saturated zone, much larger than has been reported, can develop and remain at the base of
the cargo, even if the bilge pumps are used. Finite element analysis was also used by the
TWG to investigate the effect of saturated zones of different thicknesses on the hydraulic and
mechanical responses of iron ore fines. Wet base thicknesses of 1, 2 and 3m were used and
the cargo was rocked by 20◦ in the simulation for 1000 cycles. Under these conditions, it
was concluded that liquefaction would not occur within the cargo as the pore water pressures
that developed in the wet base of the cargo did not exceed 0.6 times the confining pressures.
However, it is possible that the cargo would liquefy if larger saturated zones associated
with the higher water pressures that were measured at the base of the cargo were used in
the simulation. This particular model also separated the cargo into two zones, consisting
of an upper unsaturated zone overlying a fully saturated zone, and it is not clear whether a
fully coupled hydro-mechanical unsaturated analysis was performed, which is required to
successfully capture the actual behaviour of the unsaturated cargo.
To further investigate the movement of water in the cargo, the TWG also performed
centrifuge tests on a 300mm tall column. The results reported showed that there was no
moisture migration in the Australia-A iron ore fines if transported below the TML for 10
to 14 days, the normal duration of a voyage between Australia and China. Hexapod tests
were also performed on scaled down heaps of iron ore fines, which were rocked up to angles
of 25◦ and at frequencies of 0.1Hz. The pore pressures measured throughout testing, also
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suggested that there was no moisture migration throughout the iron ore fines. However, the
pore pressure measurements from the Hexapod tests could not be related to the pressures that
occur in reality as the results were not fully correlated with full-scale behaviour. To gain a
better understanding of the movement of moisture through iron ore fines, centrifuge tests and
other model scale tests, which are capable of providing stresses and loads similar to those
that occur during transportation, should be performed on materials similar in grading that
have a range of different fines contents and the resulting pore water pressures within the
materials should be measured and recorded.
1.2.3 Cyclic Stress Ratio and Cyclic Failure
The most common method of investigating how cyclic loads affect a material’s cyclic soil
behaviour from a soil mechanics perspective is to convert the cyclic loads that occur in reality
to a cyclic stress ratio (CSR) which can be applied to a sample through loading the sample
with horizontal, vertical or shear stresses when assembled in a triaxial or shear box apparatus.
The CSR can be defined in various ways but in this study, the CSR is defined according to
the definition used in the TWG reports as shown in Equation 1.1
CSR = qcyc/2p′cyc (1.1)
where qcyc is the deviator stress amplitude for one load cycle defined according to
Equation 1.2
q = σ ′1−σ ′3 (1.2)
and p′cyc is the mean effective stress p′ achieved at the end of the anisotropic consolidation
stage where p′ is defined according to Equation 1.3
p′ =
1
3
(σ ′1 +2σ
′
3) (1.3)
Once samples are loaded with a CSR, there are several ways of explicitly defining cyclic
failure which have been adopted in various liquefaction studies depending on the testing
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methods used and the context of the engineering application behind the cyclic tests. Some of
the more common include pore water pressure based criteria, strain and deformation based
criteria and a combination of the two.
Cyclic failure as defined by pore water pressure based criteria relates to when the excess
pore water pressure ratio (ru) becomes 1 where ru can be defined by Equation 1.4
ru = ∆uw/σ ′v0 = 1 (1.4)
and ∆uw is the change in pore water pressure and σ ′v0 is the effective vertical stress at the
start of cycling in simple shear tests or in a triaxial test, ru is defined in Equation 1.5
ru = ∆u/σ ′30 = 1 (1.5)
where σ ′30 is the initial effective minor principal stress. Therefore, liquefaction is defined
to occur when the pore water pressures, ∆u build up during testing to equal σ ′v or σ ′3 in
simple shear and triaxial tests. However, a common issue with this definition is the ambiguity
regarding whether a ru of 1 is achievable as typically, samples of silty sands and silts that
have liquefied, have had a ru close to but less than 1. Ishihara (1993) suggested that failure
should be considered to have occurred for an ru in the range 0.9 to 0.95 in materials that
contain a significant amount of fines, because if liquefaction was strictly defined as when
ru is equal to 1 these soils would not liquefy. While the build up of pore water pressure is
one of the elements associated with liquefaction, the pore water pressure based criterion
alone does not assess the cyclic strength nor resistance of materials. Signs of liquefaction in
loose sands tend to be straightforward as the development of pore water pressures resulting
in ru approaching 1 are also accompanied with the accumulation of large strains. However,
in denser samples of soil, high pore pressures under severe cyclic loading conditions can
develop, but the denser samples have a limited strain potential due to the strong dilative
behaviour they display when continuously sheared. It is also difficult to practically measure
∆u near the centre of soil specimens when the rate of cyclic loading is high compared to the
rate that pore pressures can equalise within the sample during laboratory experiments. This
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is particularly a problem in samples with a significant fines content that have relatively low
permeabilities and hence pore pressure lags that may require much slower rates of cyclic
loading, if pore pressure based failure criteria is used to define liquefaction. However, the
significantly slower rates required to allow materials with very high fines contents and very
low permeabilities are not relevant to the engineering context of the testing.
Cyclic failure definitions using strain and deformation criteria are often based on a
threshold shear strain, or "threshold strain" which is related to when the soil has experienced
a permanent build up in strain. The threshold strain has been defined as many different values
in the literature, depending on the context of the tests that were performed. NRC (1985)
and Seed and Lee (1966) suggested that liquefaction should be linked to the deformation of
saturated, cohesionless soils and that failure should be considered to have occurred when
excessive deformations are caused by the applied stresses. After examining laboratory cyclic
triaxial tests performed on clean sands and silty sands, Ishihara (1993) suggested that 5%
double amplitude axial strain was sufficient to observe cyclic softening, however, in field
studies on level ground and in simple shear tests, sands at any density should be considered
to have failed when they reach a single amplitude shear strain of 3%. However, other strain
levels which range from 2 to 10% have been adopted in other studies, depending on the
engineering context behind the testing performed.
It is more common in the literature to define failure due to liquefaction based on both
a build up in pore water pressures and strains, as failure due to liquefaction involves a
combination of these two factors. In the TWG reports, cyclic failure was defined based on
a combination of a build up in pore water pressures and in axial strain, partly because of
difficulties in accurately measuring the pore water pressures in the unsaturated samples. The
Standard Test Method for Load Controlled Cyclic Triaxial Strength of Soil (ASTM D5311)
defines cyclic failure as satisfying one of three conditions based on the water pressures
or axial strains developed within samples within a specified number of cycles during a
cyclic test. They define failure as when a sample’s pore water pressure become equal to the
initial confining stress or when the axial strains within the sample exceed 2% under single
or double amplitude loading conditions within a recommended number of 500 cycles (or
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number of cycles that are relevant to the context of the testing) or if the load wave form
deteriorates beyond acceptable values. These standards were developed to define when soils
fail under seismic loading conditions. Therefore, as the frequency, amplitudes and numbers
of cycles that the unsaturated cargo is subjected to are different, the actual test conditions
that investigate its behaviour in the context of ship liquefaction were seen to be outside the
specification of the ASTM standard (TWG, 2013c). Therefore the failure conditions chosen
by the TWG were defined as: when a sample’s pore water pressure exceeded 95% of the
confining pressure or the single amplitude axial strain exceeded 5% within at least 500 cycles.
It is difficult to directly relate the cyclic loads that samples experience from an imposed
CSR in the triaxial and simple shear apparatus to the cyclic loads which the cargo is subjected
to in reality as a result of the rocking motions of the ship during transportation. The
TWG have also performed simulations that model the roll angles that Capesize, Handysize
and Handymax vessels experience given the sea states that they travel through during
transportation of the iron ore fines cargo (TWG, 2013a). They found that the larger Capesize
vessels had a natural roll period of 10 seconds (or 0.1Hz) and were subjected to accelerations
less than 1g, typically 0.1g, which is less than the rocking frequencies and accelerations
expected on the smaller Handysize and Handymax vessels. However, the relationships
between the roll angles and resulting CSRs reported by the TWG depended on the software
used to develop different models by the groups within the TWG as Australia-A used the
software "Plaxis" to generate a 2D linear elastic model, Australia-B used "Flac" to generate a
3D model of the cargo stored in only Hold 1, where it was believed that the cargo would be
subjected to the highest CSRs. The Brazil group used "LIQCA2D" and "UWLC" software
to model the different CSRs and pore water pressures that resulted at different points in
the cargo due to the rolling movements of the ship. Nevertheless, it was evident from the
simulations that the CSRs were approximately equal to the tangent of the roll angle, at least
up to roll angles of 35◦, and that the cargo located within the main bulk of the pile experienced
significantly smaller CSRs than on the surface. The roll angles and therefore CSRs were
approximately 30% less in the Capesize vessels than in the Handymax and Handysize vessels
which were smaller in size. However, as Capesize vessels carry 91.5% of the iron ore fines
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cargoes shipped globally, the TWG investigation into the liquefaction behaviour of iron ore
fines has focused mainly on when the cargo is shipped in Capesize vessels. Therefore, a
maximum CSR of 0.27 was predicted in the bottom 1m portion of the cargo, and higher
CSRs of up to 0.61 on the surface of the cargo according to the 3D Flac model, during
transportation in a Capesize vessel between Australia and China. However, from the upper
Encounter Frequency Curve presented in TWG (2013c)and shown in Figure 1.7, where the
CSRs and number of cycles to failure are on the y and x axes, the upper portions of the cargo
would only be subjected to a CSRs of 0.61 for a short period of time, less than 10 cycles or
for 100 seconds. From the lowest curve in Figure 1.7, it is also evident that the bottom part
of the cargo is subjected to smaller CSRs for a significantly higher number of cycles.
Evidently there is a large variation in the reported CSRs within the cargo during trans-
portation which mostly depends on the location chosen within the cargo. As the development
of a wet base within the cargo has been assumed to be a significant factor when under-
standing and providing an overall assessment of the liquefaction behaviour of iron ore fines
in the TWG reports, the samples tested cyclically in the triaxial were only brought to a
stress state that represented an element in the middle at the bottom of the cargo. This was
achieved through assuming K0 equal to 0.5 within the cargo and therefore, anisotropically
consolidating samples to σ ′1 and σ
′
3 of 400 and 200 kPa. All samples were subsequently
loaded cyclically at approximately 0.1Hz to failure. However, the different groups within
the TWG cyclically loaded samples of different degrees of saturation (40 to 100%) relevant
to the ranges in saturation at which their particular batch of iron ore fines was transported,
and at different CSRs for a range in number of cycles, depending on independently chosen
criteria that defined cyclic failure. Cyclic failure was defined to occur if excessive pore
water pressures developed, or if samples deformed to high values of axial strains, or if
samples experienced both increases in water pressures and build up in axial strains. No
consistent cyclic loading procedure that defined the CSR nor number of cycles to failure has
been defined within the TWG reports between the testing programs used by Australia-A,
Australia-B and Brazil groups. The CSRs that samples were tested at ranged from 0.2 to
0.53 for a number of cycles ranging between 500 to 10,000. Samples were also tested under
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stepwise CSR loading conditions as it was believed that this form of loading produced more
reasonable results than the typical instantaneous loading of the sample. However, different
stepwise loading procedures were adopted between the Australia-A, Australia-B and Brazil
groups and this, and the different cyclic loading procedures that were used, made it difficult
to directly compare the cyclic resistances of the different samples of iron ore fines. To gain
a better understanding of the effects of fines, degree of saturation, density and CSR on the
cyclic liquefaction response of a material, a more consistent testing framework is required
where the cyclic loading conditions and failure criterion are kept constant while the degrees
of saturation, densities of samples and CSRs are varied.
1.3 Critical State Soil Mechanics Framework
The critical state soil mechanics framework (Rowe, 1962; Schofield and Wroth, 1968) is
widely used to predict the volumetric response of a soil given its density, or void ratio (e)
and the effective pressures (p′) that are applied. It has also been used in many studies as
a framework to consistently investigate how the density and fines content affect the cyclic
liquefaction behaviour of soils and in particular, in silty sands with varying amounts of
fines that have been observed to liquefy due to earthquakes. One of the key concepts of the
critical state soil mechanics model is the existence of a critical state line (CSL), which all
specimens of a particular soil approach when sheared. Once the CSL of a material has been
established, studies have also defined zones in the e vs logp′ (Carrera et al., 2011) and q
vs p′ (Pitman et al., 1994; Yamamuro and Covert, 2001) spaces relative to the CSL that
describe the expected behaviour of the silty sand when loaded monotonically or cyclically to
failure. The state parameter, ψ that captures the location of a sample’s void ratio, and thus
its density relative to its CSL in the e vs logp′ space has also been used in various studies
including Bouckovalas et al. (2003); Jefferies and Been (2015); Papadopoulou and Tika
(2008) to compare the liquefaction resistances of silty sands.
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1.3.1 State Parameter
Density is known to affect the behaviour of soil as very typically, dense soils tend to be
strong and dilatant, whereas loose soils tend to be weak and compressible. Any soil can exist
over a wide range of densities and because of this, it is difficult to relate a set of properties to
any one particular density. Relative density is a measure of the soil’s state between reference
conditions which are the maximum and minimum densities of a soil. However, the confining
stresses that the soil is subjected to also controls its behaviour. Therefore, within the critical
state soil mechanics framework, the soil’s CSL, which is defined based on the soil’s material
parameters and is invariant with density, is another way of defining a set of reference states
within the soil in terms of the void ratio and stresses imposed on the soil. Originally, Been
and Jefferies’ state parameter (Been and Jefferies, 1985), ψ according to Equation 1.6, was
defined to measure the deviation of the soil’s state from the CSL as the soils volumetric
behaviour is known to depend on its state relative to the CSL. Soils dilate when below the
CSL or contract when above the CSL if sheared to failure.
ψ = e− ecsl (1.6)
In Equation 1.6, e is the current void ratio of a sample and ecsl is the void ratio on the CSL
of the sample’s material at the current mean stress. In the e vs logp′ space, the state parameter
describes the vertical distance between the sample’s current void ratio and corresponding
void ratio on the CSL as shown in Figure 1.8. The CSL was also selected by Been and
Jefferies as a reference condition on which to define the state parameter because it represented
a unique state where the soil headed towards when sheared and the CSL also represented
a state where the soil’s particles rearranged to form a repeatable structure within the soil,
which was not influenced by the original test conditions. There has been discussion whether
the steady state line (SSL), typically used to describe a repeatable and unique state for sands
(Casagrande, 1936), is different to the CSL (Alarcon-Guzman et al., 1988; Poulos, 1981;
Sladen et al., 1985) and should be used as the reference line rather than the CSL. However,
further discussion by Been et al. (1991) suggests that they are the same and either can be used
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as the reference state when calculating the state parameter. Since then, the state parameter
has been used as a parameter to describe the liquefaction behaviour of many different sands
and silty sands prepared at various densities and tested under different confining stress and
cyclic loading conditions. A trend was observed in several different sands and silty sands as
shown in Figure 1.9 (Jefferies and Been, 2015), regardless of the different stresses used.
The CSR imposed on the soil can also be normalised by the CSR that resulted in
liquefaction failure after a certain number of cycles of loading. If the number of cycles to
failure is 15, then the normalised CSR is called the cyclic resistance ratio or CRR15 and is
also defined in Equation 1.7.
CRR15 =
CSR
CSR15
(1.7)
Been and Jefferies also observed an overall underlying trend in the cyclic data for the
different sands and silty sands if the CSRs that were imposed on the sample were normalised
by CSR15 regardless of the different densities, amount of fines, sample preparation techniques
and different stresses used as shown in Figure 1.10. A relatively narrow band of behaviour
fitted the data which also appeared to smoothly extend from a few cycles to nearly a thousand
cycles, that is within the lower range of the number of cycles relevant to the cyclic loading
conditions which develop during shipping transportation.
1.3.2 Transitional Fines Content
It is generally believed that the fines in the material make it more compressible and less
permeable and therefore more susceptible to the build-up of pore water pressures when
cyclically loaded. However, there is discussion whether the amount of fines, when above a
certain fines content, typically referred to as the transitional fines content (TFC), causes a
silty sand to be more resistant to liquefaction. The TFC is also associated with when the fines,
rather than the sand present in silty sands, become the dominant material that controls the
behaviour of the silty sand and within the critical state soil mechanics framework, it can also
be related to how the location of the CSLs in the e vs logp′ plane move as fines are added to
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a silty sand. The TFC value depends on the silty sand and it has been observed to range from
20 to 50%. Some researchers have shown that as fines content is increased, the CSLs of some
silty sands shift downwards until the TFC had been reached and further increases in the fines
past the TFC result in an upward shift in the CSL in the e vs logp′ space (Belkhatir et al.,
2013; Bouckovalas et al., 2003; Carrera et al., 2011; Dash and Sitharam, 2009; Papadopoulou
and Tika, 2008; Pitman et al., 1994; Polito and Martin II, 2001; Sadrekarimi, 2013; Soares,
2015; Thevanayagam and Mohan, 2000; Zuo and Baudet, 2015). However, in addition to the
CSLs shifting vertically in the e vs logp′ space, some studies have also observed a steepening
of the CSL (Been and Jefferies, 1985; Bouckovalas et al., 2003; Sadrekarimi, 2013). The
movement of the CSL in the e vs logp′ plane as the fines content is increased also seems to
depend on the nature of the fines and sand used in the study.
1.3.3 Transitional Soil Behaviour
Recently, the existence of a unique CSL has been questioned for some intermediate soils
that have a mixture of particles ranging in size between sands and clay. These soils do not
exhibit unique compression lines and CSLs and thus are said to display transitional behaviour
(Altuhafi et al., 2010; Chang et al., 2011; Ferreira and Bica, 2006; Martins et al., 2001;
Nocilla et al., 2006; Nocilla and Coop, 2008; Shipton and Coop, 2012). This adds another
layer of complexity when locating the CSL and subsequently attempting to define zones of
expected behaviour, or a material’s state parameter in the e vs logp′ space. Transitional soil
behaviour was initially thought to occur in gap graded, reconstituted soils prepared in the
laboratory (Martins et al., 2001). However, transitional soil behaviour has been found to
be much more widespread in well graded materials (Kwa and Airey, 2016; Nocilla et al.,
2006) and in naturally occurring materials (Nocilla and Coop, 2008). Shipton and Coop
(2015, 2012) have suggested that silt-sized particles are present in all soils that show this
behaviour and it is possible that transitional soil behaviour occurs in well graded materials
that contain silt-sized particles and a wider range of larger particle sizes. The reason behind
why transitional soil behaviour occurs is still unknown, however, it has been proposed that
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transitional soil behaviour may be related to the particle arrangements present in the soil and
breakage of the soils’ particles.
Some attempts have been made to capture the structure of samples of the same material
and relate differences in structure between differently prepared samples to different structures
that are believed to occur when the samples when sheared to failure (Chang et al., 2011; Kwa
and Airey, 2016). Chang et al. (2011) used a scanning electron microscope to observe the
particle arrangements in silty sands and silty clays and found that different characteristic
particle arrangements formed during sample preparation affected their critical state behaviour
as they sheared to non-unique parallel CSLs. Whereas, from the larger particle sizes present
in the samples containing dense asphalt aggregates, Kwa and Airey (2016) used an optical
microscope to observe the different particle arrangements in densely and loosely prepared
samples. They also observed different characteristic particle arrangements prior to testing,
that were believed to remain in place up until the samples had been sheared to failure due to
particle interlock that resulted due to the large angular particles present in samples. Ideally,
the particle arrangements present at failure should be compared, however, due to experimental
difficulties in preserving the particle arrangements that occur at failure, this has not been
reported.
1.3.4 Gap Graded Silty Sands vs Larger Sized Well Graded Materials
Much less focus has been given to the effect of fines in materials that contain a wider
range of larger gravel sized particles, 9.5mm in diameter and smaller, even though these
materials, when they contain a high fines content, have been found to also be susceptible to
liquefaction under both seismic loading conditions (Andrus, 1995; Evans and Seed, 1987;
Harder, 1997; Hynes, 1988) and during shipping transportation (IMSBC, 2013). In this study,
these particular materials will be referred to as well graded materials as they contain a large
range of particle sizes ranging from 9.5mm to less than 0.075mm in diameter. It is difficult
to isolate the effect of the fines on the liquefaction resistance of these well graded materials
that contain varying amounts of particle sizes ranging from gravels to silts compared to silty
sands, which is possibly why these well graded materials have not been tested with varying
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fines content as thoroughly as silty sands. Unlike silty sands that have a clear particle size
distinction between the finer silt and the coarser sand fractions, there is no clear particle
size difference between the fine and coarse fractions in well graded materials that have a
wider range of particle sizes. Furthermore, it is difficult to keep the coarser fraction of the
well graded material constant when changing the finer fraction as the shape of a well graded
grading curve changes with additions of fines. There is little data on the effect of fines
on the location of the CSL and on cyclic behaviour of well graded materials containing a
wider range of larger particle sizes with varying amounts of fines. Studies including those
performed by Ohiduzzaman et al. (2011, 2012) have investigated the influence of fines on
the behaviour of well graded road materials, however, these materials were only tested at
very dense states not relevant to the relative densities that would occur in the cargo when it is
loaded into the hold of the ship.
The critical state soil mechanics framework has been used widely to investigate the
effects of density and fines content on the cyclic behaviour of sands and silty sands and
there is no reason why it cannot be used to investigate the cyclic behaviour of well graded
materials. So far, only the literature investigating the saturated responses of soils has
been discussed, however, in reality, the cargo is loaded and transported under unsaturated
conditions. Saturated soil mechanics theories have also been extended to apply to unsaturated
soils and they have also been used to describe the cyclic behaviour of unsaturated soils when
prepared at different degrees of saturation as will be discussed in the next section.
1.4 Unsaturated Soil Mechanics
In classical soil mechanics, soil is either dry (0% degree of saturation) or saturated (100%
degree of saturation) and therefore, there are two phases present, the solids and water that
dictate its behaviour. In these cases, the strength of the soil is described by Terzaghi’s
effective stress principal according to Equation 1.8 (Terzaghi, 1936)
σ ′ = σ −uw (1.8)
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where σ ′ is the effective stress, σ is the total stress and uw is the pore water pressure
(or pore air pressure in the dry case) in the soil. However, in reality and in the case where
moist iron ore fines are loaded into the hold of a ship, the soil is often neither fully saturated
nor dry. In an unsaturated soil, there are four phases present which include solids, water, air
and the air-water surface called the contractile skin (Paddy, 1969) which results in suctions
within the unsaturated soil. The suctions and external stresses applied to the boundary of a
soil element act in qualitatively different ways on the soil skeleton, or solid phase, which is
why the Terzaghi’s effective stress equation, which requires only one stress variable (σ−uw),
cannot be used to describe the behaviour of an unsaturated soil (Jennings and Burland, 1962).
As shown in Figure 1.11, an external total stress, σ produces forces at the particle contacts
which can be summarised into both normal and tangential forces. The effectiveness of σ
depends on the presence of bulk water inside the soil pores and the capillary effect due to
the meniscus of the water which is related to the suctions present as shown in Figure 1.12
(Wheeler and Karube, 1995).
The bulk water inside the soil pores causes slippage between the particles, leading to
the development of plastic strains while the suctions cause an increase in the tangential and
normal forces that resist slippages at the particle contacts. Therefore, suction modifies the
skeleton stresses through changing the average bulk pore fluid pressure that act tangentially
between particle contacts inside the pores and it also provides an additional normal bonding
force at the particle contacts due to the capillary phenomena occurring in the water menisci or
contractile skin. These two different influences that suction has on the mechanical behaviour
need to be recognised and therefore, two independent stress variables are required. Originally,
Bishop’s equation (Bishop and Blight, 1963) was proposed to describe the effective stresses
within unsaturated soils as shown in Equation 1.9
σ ′ = σ −ua +χ(ua−uw) (1.9)
where ua is the pore air pressure and χ is a parameter ranging between 0 and 1, depending
on the degree of saturation in the soil. The main benefits of using Bishop’s equation is that it
includes the two independent stress variables (σ −ua) and (ua−uw), and also reduces back
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to Terzaghi’s effective stress equation when the soil is saturated and χ and ua equal to 1 and
0. Jennings and Burland (1962) showed that using the degree of saturation to describe the
parameter χ was only valid in describing the effective stress in an unsaturated soil if above a
critical degree of saturation which was typically around 50% in silts and clays and between
45 and 60% in sands. The critical degree of saturation occurs when the water phase in the
unsaturated soil begins to become discontinuous, due to the larger amounts of air present
that create pockets of water, therefore reducing the influence of the water in the particle to
particle contacts.
However, initially, Bishop’s equation and other equations that combined the degree of
saturation with the effective stresses within the same expression to describe an unsaturated
soil’s effective stress were criticised. The parameter χ in Bishop’s equation, was found to
experimentally vary beyond it’s limits of 0 and 1 and also appeared to vary depending on
whether it was determined based on the volume change or shear strength behaviour of the
soil (Morgenstern, 1979). However, many subsequent authors have found that while it is
relatively easy to relate the shear strength of an unsaturated soil to a combination of σ , ua
and uw, it is much more difficult to use these parameters to describe the volumetric behaviour
of an unsaturated soil, especially because of the complex pattern of wetting, swelling and
collapse observed in unsaturated soils (Wheeler and Karube, 1995).
Several other possible stress variables were also proposed by Fredlund and Morgenstern
in 1977 to describe only the mechanical behaviour of unsaturated soils, (σ −ua), (σ −uw),
(ua−uw) and therefore, there were three possible combinations that contained two of these
stress variables as listed below.
1. (σ −ua) and (ua−uw)
2. (σ −uw) and (ua−uw)
3. (σ −ua) and (σ −uw)
(σ − ua) and (ua− uw) are the most commonly used stress variables and they are also
the original set of stress variables proposed by Bishop and Blight (1963) and in Bishop’s
equation. In many practical engineering applications, ua is zero and therefore, the two stress
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variables simply reduce to total stress σ and negative pore water pressure −uw. Therefore,
there has been a movement back to Bishop’s equation because of its simplicity and ability
to include the effect of degree of saturation on the mechanical behaviour of unsaturated
soils through the parameter χ . However, instead of relating χ to the degree of saturation,
suggestions have been made by Alonso et al. (2010); Loret and Khalili (2002); Vanapalli
et al. (1996) to relate it to the areal degree of saturation as stresses, which are dependent on
the surface interactions between the solid skeleton and fluid phases, act on areas. However,
as this quantity is not easy to measure, it has been assumed to be equal to the volumetric
degree of saturation. Other relationships between χ and suction, or χ and stress, or between
χ and the energy of the interfaces between phases, have been proposed in constitutive models
that describe the behaviour of unsaturated materials (Coussy, 2002; Khalili and Khabbaz,
2002), however, these have not been commonly adopted in practise. Therefore, Bishop’s
Equation will be used in this study to define effective stress in tests performed on unsaturated
soils. The majority of the unsaturated tests will be limited to degrees of saturation above
60%, and therefore, above the critical degree of saturation for the well graded materials.
Most of the constitutive models that use an extended critical state soil mechanics frame-
work to describe the behaviour of unsaturated soils are based on the commonly used two
independent stress variables (σ −ua) and (ua−uw) (Alonso et al., 1990; Chiu and Ng, 2003;
Cui et al., 1996; Khalili et al., 2008; Loret and Khalili, 2002; Maatouk et al., 1995; Ng and
Chiu, 2003; Russell and Khalili, 2006; Sheng et al., 2008; Wheeler and Sivakumar, 1995). In
these models, the values of λ and Γ that dictate the position of the CSL in the e vs logp′ space
vary with suction, especially at low values of suction, typically less than 100kPa in sandy
silts and silty materials and 40kPa in gravelly sands (Ng and Menzies, 2014). However, the
gradient of the CSL in the q vs p′ space remains constant as this depends on the critical state
friction angle φcs, a material parameter which is solely dependent on the soil particles present
in the material (Fredlund and Rahardjo, 1993). Determining the variation of the CSL with
suction is normally achieved using specific apparatus set ups, which are able to hold suction
constant during testing these testing procedures.
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To describe the compressibility of unsaturated soils and resulting volume changes, most
of the models have extended the definition of the Normal Consolidation Line in a saturated
soil model as shown in Equation 1.10 to unsaturated states.
ν = N−λ logp′ = Γ−λ log(p−uw) (1.10)
where (ν) is the specific volume, N is the intercept with the ν axis when the mean
effective stress, p′ is 1kPa. In the literature, Equation 1.10 has been extended to unsaturated
states by using the two state, separate stress or net stress (σ − ua) and suction (ua− uw)
approach, or the effective stress approach where Bishop’s Equation is used. In the first
approach, the volume changes due to stress changes and suction changes are separated
according to Equation 1.11
ν = N−λvplog(p−ua)−λvslog(ua−uw) (1.11)
λvp and λvs represent the compressibility of the unsaturated soil due to changes in
suction and stress and Equation 1.11 is typically used for increasing mean stress or suction.
Experimental data from Toll (1990) and Toll and Ong (2003) have shown that the values
for λvp and λvs can be very different and are dependent on the degree of saturation and
therefore, suction, as shown in Figure 1.13. As the degree of saturation increases and
suctions decrease, compressibility due to suctions, λvs, increases and conversely, stress
compressibility, λvp, decreases, which has been observed particularly in compacted soils
where highly compressible macropores or inter-aggregate pores are present (Gallipoli et al.,
2003; Romero et al., 1999). However, Equation 1.11 does not reduce back to Equation 1.10
under saturated conditions and the volume changes become undefined at the transition
between when saturated and unsaturated states and the suctions become zero. This is why
researchers have commonly preferred the effective stress approach which reduces back to the
saturated case for compressibility. In this approach, as discussed previously and defined in
Equation 1.9, the matric suction and net mean stress are combined into one single variable
(effective stress) which can be expressed more generally as shown in Equation 1.12
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p′ = p− f (s) (1.12)
where f can be a function of suction or suction and degree of saturation. Therefore,
Equation 1.10 can be extended as shown in Equation 1.13
µ = N−λ (s)log(p− f (s)) (1.13)
Ideally, in this approach, effective stress alone should control the volume changes within
the soil and as a result, N and λ would be independent of suction. However, experimental
data has shown that the compressibility of the material depends on both stress and suction
(Fredlund and Rahardjo, 1993). To account for the changes in compressibility, λ and Γ have
been treated as functions of suction in most effective stress models, but there are inconsisten-
cies in the literature with describing the position and how the slope of the compression line
moves with suction. Some studies show that λ (s) increases with suction (Alonso et al., 1990)
while others show that it decreases with increasing suction (Gallipoli et al., 2003; Sivakumar
and Wheeler, 2000; Toll, 1990; Toll and Ong, 2003). Both approaches have their advantages
and disadvantages and in the literature, both approaches and slight modifications of the two
have been used in various models to capture the volumetric behaviour of unsaturated soils.
Evidently, describing the volumetric behaviour and compressibility of unsaturated soil and
how it changes with suction and stress, remains a challenge.
1.4.1 Cyclic Liquefaction Behaviour in Unsaturated Soils
There has been relatively limited research investigating the cyclic liquefaction behaviour of
unsaturated soils compared to studies that have investigated the cyclic liquefaction response
of saturated soils. Similar to the cyclic liquefaction studies performed on saturated materials,
studies that have investigated the unsaturated cyclic liquefaction behaviour of materials have
mainly focused on soils that are known to liquefy during earthquakes and these soils generally
have particle sizes that range from sands down to clays (Chaney, 1978; Ghayoomi et al.,
2017; Ishihara et al., 2001, 2004; Kimoto et al., 2011; Okamura and Soga, 2006; Tsukamoto
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et al., 2014; Unno et al., 2006, 2008; Uzuoka et al., 2014; Wang et al., 2015). Even fewer
unsaturated cyclic liquefaction studies have been performed on well graded materials some
of which include studies performed by Unno et al. (2006) and Wang et al. (2016) as they
conducted cyclic tests on volcanic sands and iron ore fines. It also should be noted that in all
of the studies mentioned, Bishop’s equation was used to define the unsaturated material’s
effective stress during testing. However, in many of the unsaturated cyclic liquefaction
studies that have been mentioned, samples were tested under double amplitude cyclic loading
conditions relevant to the cyclic loads that develop during earthquakes. These provide
more damaging loading conditions than the predominantly compression only cyclic loading
conditions that have been recorded by TWG (2013c) and GBWG (2017) to occur in the
cargo during shipping transportation. As a result, samples tested under the double amplitude
cyclic conditions will resist significantly fewer cycles than the cargo. Cyclic tests have been
also been performed on unsaturated well-graded materials road base materials (Craciun et al.,
2007; Craciun and Lo, 2009; Kermani et al., 2017; Ohiduzzaman et al., 2012). However,
while these materials were tested in cyclic compression only loading conditions, and also
resisted very large numbers of over 10,000 cycles, these materials were only tested at very
dense states, not relevant to the relatively lower densities that occur in cargo when loaded
into a ship’s hold.
1.5 Aims
Cargoes of moist iron ore fines and other metallic ores that contain a significant fines content
are prone to liquefaction during shipping transportation. The grading of iron ore fines
varies due to the different mining and handling processes used and its fines content varies
between 18 and 28%. While the TWG reports present a variety of useful experimental
and simulation based data on the liquefaction response of iron ore fines, it is difficult to
understand the effects of the different mechanisms involved in the liquefaction behaviour of
the unsaturated cargo, as different gradings of iron ore fines have been tested experimentally
and modelled using different software under different cyclic loading conditions with no
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consistent definition of failure. Therefore, this study aims to more rigorously investigate the
saturated and unsaturated cyclic liquefaction response of materials similar in grading to iron
ore fines and other metallic ores through using the critical state soil mechanics framework.
In particular, the effect of grading or fines content on the cyclic liquefaction response, will be
investigated when samples are prepared at the same relative densities that would result if they
were loaded into the hold of the ship at degrees of saturation varying between 60 and 100%.
1.5.1 Layout of Thesis
The materials and experimental procedures used in this study will be outlined and summarised
in Chapter 2. Chapter 3 investigates the nature of the feldspar fines and differences in grading
between the materials used in this study from a Critical State Soil Mechanics perspective.
Therefore, the effects of grading and fines content on the location of the CSL for the
gap graded and well graded materials that were tested under saturated monotonic loading
conditions in a triaxial apparatus will be discussed. The results from performing saturated
and unsaturated cyclic triaxial tests that investigated the effect of fines and density on the
saturated and unsaturated cyclic liquefaction response will be presented and discussed in
Chapter 4. Chapter 5 will present and discuss the effect of fines and density on the hydraulic
behaviour of the well graded materials. The SWCC results of the materials tested, which are
central in describing the hydraulic response of the materials, will be presented in this chapter.
Results from the small centrifuge tests and the simulations based on a fully coupled hydro-
mechanical model that was also developed and calibrated through using the monotonic and
cyclic, saturated and unsaturated triaxial data and SWCCs obtained for all the materials, will
also be discussed in Chapter 5. The small centrifuge tests and simulations were performed to
verify whether the densities and degrees of saturation that resulted within the triaxial tests
during the consolidation stage, were the same as those that would result in reality given the
stress conditions related to a point in the middle and at the bottom of a cargo pile. The final
conclusions and recommendations for further research will be presented in Chapter 6.
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TML
Fig. 1.1 Definition of the TML (TWG, 2013c)
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Fig. 1.2 Defined Limits of Liquefiable and Non-Liquefiable Soils (TWG, 2013c)
Fig. 1.3 Grading Curves of Iron Ore Fines (TWG, 2013c)
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Fig. 1.4 Typical SWCCs of Sand, Silt and Clay (Fredlund and Rahardjo, 1993)
Fig. 1.5 Components of a Soil Water Characteristic Curve (Fredlund and Rahardjo, 1993)
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Fig. 1.6 Components of Drying and Wetting Curves (Fredlund and Rahardjo, 1993)
Fig. 1.7 Encounter Frequency Curves (TWG, 2013c)
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Fig. 1.8 Definition of the State Parameter
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Fig. 1.11 Idealised Particle Contacts in an Unsaturated Soil (Fredlund and Rahardjo, 1993)
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Fig. 1.12 Presence of Bulk Water and Water in the Meniscus (Fredlund and Rahardjo, 1993)
Fig. 1.13 Variation of Compressibilities with Degree of Saturation (Toll, 1990)
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Chapter 2
Description of Experimental Techniques
2.1 Materials
Fines in this study were defined as particles that passed through the 0.075mm sieve and
consisted of non plastic feldspar fines of sub-rounded, moderate sphericity and contained
60% orthoclase and 10 to 30% albite. The grading curve of the feldspar fines is shown in
Figure 2.1. Sydney Sand, a quarzitic medium sand with a grading curve shown in Figure 2.1,
was also used in this study and mixed with different amounts of feldspar fines to form gap
graded samples. Basalt aggregates of angular, moderate sphericity, ranging in particle sizes
from 9.5mm to 0.15mm were also used and were mixed with the feldspar fines to form
well graded samples with varying amounts of fines where "well graded" was a term used in
this study to describe samples containing a variety of particle sizes ranging in sizes from
gravels down to silts. The grading curves for the reconstituted samples used in this study
containing sand, feldspar fines and various mixtures between the two with fines contents of
20, 40 and 60% are shown in Figure 2.1. The grading curves for the reconstituted well graded
materials containing basalt aggregates ranging in particle sizes between 9.5 to 0.15mm and
feldspar fines at fine contents of 18, 28, 40 and 60% are shown in Figure 2.2. In particular,
the grading curves of the well-graded materials containing 18 and 28% fines, were selected
as they defined the lower and upper bound grading curves for iron ore fines as defined in
TWG (2013c).
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2.2 Triaxial Apparatus
2.2.1 General Assembly
A computer controlled triaxial apparatus was assembled at the Sydney University Geotech-
nical Laboratory with the capability of performing a variety of tests on cylindrical samples
100mm in diameter and 200mm in height, including monotonic drained and undrained and
cyclic undrained testing on saturated and unsaturated samples. The TRIAX software, written
at the Sydney University Geotechnical Laboratory, was used to record and display data in
real time from instrumentation that monitors a sample’s axial displacement, pore and cell
pressure and volume changes and axial load. The TRIAX software also enables control of
the cell and pore pressures, volume of water flowing in and out of the cell and sample, and
axial loads and displacements.
A 50kN Wykeham Farrance Tritech loading frame was used to raise and lower the sample
relative to the top cross bar where a Kelba external 25kN load cell was positioned to measure
the resulting axial loads on the sample. To minimise the effect of shaft friction on the
axial load readings, a VJ Tech submersible 15kN load cell was also used to measure the
sample’s axial loads from inside the triaxial cell and the internal load cell measurements were
preferentially used except when the axial loads were out of range of the internal load cell. To
measure the sample’s axial displacements, an external RS 50mm linear variable differential
transformer (LVDT) was attached to the ram of the triaxial and the tip of the LVDT rested on
the top of the triaxial cell. A Druck 2MPa pressure transducer was mounted into a machined
metal block, filled with water, and was connected through the base of the sample and it
measured the sample’s pore pressures. Pore and cell pressure and volume changes were also
measured and controlled through digital GDS volume and pressure controllers, up to 1L
in capacity. The cell GDS controller was connected to the triaxial cell and the pore GDS
controller was connected to the top and bottom of the sample through lines with a pressure
limit of 2MPa. Taps were fitted at various places on the triaxial lines to control water flowing
between the sample, atmosphere, pore pressure transducer and the pore GDS controller. Taps
were also connected between the cell GDS controller, external cell water source and triaxial
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cell to allow the triaxial cell to be filled with water from a separate water canister and to
allow the cell GDS controller to monitor and control the pressure and volume changes within
the triaxial cell. The cell and pore GDS controllers, pore pressure transducer block and
the triaxial lines were kept filled with distilled water and were also frequently flushed with
recently distilled and deaired water between tests. All triaxial tests were performed in a
temperature controlled room at 21±1°C
2.2.2 Type of Tests Performed
The gap graded materials containing a mixture of sand and feldspar fines and well graded
materials containing basalt aggregates and feldspar fines were tested in the triaxial under
different conditions. To identify the effect of fines on the position of the CSL, the gap and
well graded materials were tested fully saturated and were isotropically consolidated to
different confining pressures before being monotonically sheared to failure under drained
and undrained conditions. Only the well graded materials were tested cyclically in the
triaxial apparatus, initially under fully saturated conditions, to identify the effect of fines on
the saturated cyclic liquefaction behaviour of these materials. To investigate the effect of
the degree of saturation on the liquefaction response of these well graded materials, cyclic
unsaturated tests were also performed. The saturated and unsaturated samples that were
tested cyclically were all brought to the same stress state before being loaded at different
CSRs. The next few sections will describe the methods used to prepare and test the saturated
and unsaturated samples under monotonic and cyclic loading conditions.
2.2.3 Sample Assembly and Saturation
All the gap graded and well graded triaxial samples were prepared by compaction in a 200mm
high × 100mm diameter cylindrical split mould using a range of compaction energies. The
samples which contained purely sand or silt were also prepared by compaction in a 55mm
diameter × 110mm high cylindrical split mould using a range of compaction energies. These
smaller sample sizes were possible because of the homogeneity in the pure sand and silt
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materials. Furthermore, by using smaller sized samples, the sample preparation, assembly
and disassembly procedures were easier. All samples were compacted in five equal layers on
top of a dummy 3mm thick porous disk, covered with 1µm filter paper that had been cut to
size. This compaction method resulted in samples with a uniform density as similar densities
were measured throughout a representative compacted sample, described in more detail in
Appendix A.1. Samples were then carefully mounted on the triaxial pedestal.
Samples which were tested under fully saturated conditions also had a saturated porous
disk placed at the bottom of the sample. In the larger saturated samples, a 2mm thick
membrane was rolled over the sample and sealed with four o-rings, two on the top and two
on the bottom platens. In the smaller saturated samples, a 1mm thick membrane was used
instead. The top drainage line was connected to the sample through the top platen and the
triaxial cell was lifted over the sample and carefully placed such that the ram, clamped in
place, rested lightly on the top of the sample. Once the triaxial cell was securely fastened to
the triaxial base, a small outlet at the top of the cell was opened to atmosphere to prevent
the build up of air pressures as the triaxial cell was filling with water. The taps connected
to the pore pressure lines were also opened, the LVDT position was adjusted to allow full
travel during testing, the internal and external load cells were checked to ensure they were
not subjected to any applied load, and finally the LVDT, internal and external load cells were
zeroed in the TRIAX software. The triaxial cell was then filled with water from a separate
canister containing water under low air pressures (approximately 10 to 50kPa), and the cell
and pore pressure readings were recorded as zero in the software when the water level in
the triaxial cell reached halfway up the sample. When the triaxial cell was nearly full, the
air pressure was turned down to reduce the amount of trapped air at the top of the triaxial
cell and once the triaxial cell was full, the tap connecting the cell to the water canister was
turned off so that any subsequent water pressure and volume changes could be monitored
and controlled by the cell GDS controller and the outlet at the top of the cell was closed to
atmosphere.
To fully saturate the samples, the line at the top of the sample was open to atmosphere
and water was pumped in from the pore GDS controller at the base of the sample to flush
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air out of the samples. Low back pressures, less than 10kPa, were used to ensure that the
fines present in the samples did not migrate throughout the sample. Sieve analyses that
were performed on the top, middle and bottom layers of the samples after they had been
tested, shown in Appendix A.2, show no migration of fines could be detected. Samples were
left open to atmosphere until water started coming through the top of the sample, which
typically occurred after a few hours in samples with higher permeabilities and after a day in
samples with lower permeabilities. Samples were then subsequently subjected to elevated
back pressures of approximately 600kPa, to allow any remaining air to dissolve and were
left overnight until Skempton’s B value (Skempton, 1984) was above 0.98. As the samples
were fully saturated, the volume changes in the sample during the subsequent consolidation
and shearing stages were measured through monitoring the change in volume of the water
flowing in and out of the sample.
2.2.4 Sample Consolidation and Shearing
The stress-control option in the TRIAX software enabled control of the sample’s principal
stresses (σ1 and σ3) in stages called "segments" with specified amounts of time to reach and
hold the required principal stresses. Therefore, samples could be consolidated isotropically
or anisotropically, to any stress state where the cell pressure was below 1700kPa, the pressure
limit of the triaxial cell. As the TRIAX software had the ability to monitor and control the
axial loads, it was also used to drive the loading frame during the consolidation stage to
keep the ram in contact with the sample at a maximum slow ram speed of 0.05mm/min.
The axial loading system had a dead band of ±2kPa, therefore, the target value for σ1 was
always set 2 to 3kPa larger than the target σ3 value during the isotropic consolidation stage.
Once the consolidation stage was completed, samples could be sheared under drained or
undrained monotonic or cyclic loading conditions. Drainage to the pore GDS controller
was left open if samples were tested under drained conditions, otherwise, under undrained
conditions, these taps were closed and the pore water pressures were monitored by only using
the pore pressure transducer located at the base of the sample. Under monotonic loading
conditions, the loading frame was set to compress the sample at a low speed such that the
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pore water pressures that built up, especially during undrained tests, would have sufficient
time to equilibrate throughout the sample. The calculations used to determine the required
speeds are located in Appendix A.3.
All of the cyclic tests in this study were performed under undrained conditions and only
σ1 was varied to achieve the target CSRs when cyclically loading the samples in compression.
When the TRIAX program was set to cyclic loading mode, 20 stress states were used to
define a period of a sine curve of a particular amplitude as shown in Figure 2.3 and the
σ3, which was determined by controlling the cell pressure, was kept constant. Each of the
20 stress states and the times required to achieve each stress state were entered into the
segments of the shearing stage of the TRIAX program. The program was then set to loop
through the 20 stress states up to 3000 times and the time for each loading cycle was kept
constant at approximately 40 seconds (0.025Hz) for all tests. A time period of 40 seconds
was chosen as this was the minimum time that allowed the limiting deviator stress to be
mobilised when high CSRs were required. This frequency was then adopted in all tests for
consistency and was less than the frequencies that have been measured in the cargo during
transportation. However, slower loading rates are more damaging to samples and therefore,
the cyclic resistance of the samples tested in this study is lower than if they were loaded at
the higher frequencies typically measured in the cargo during marine transportation. The
load frame was operated by initially setting a speed and then through using the computer to
drive the load frame up and down at this speed to achieve the target values of σ1 specified in
each segment. The apparatus was limited by the ram’s maximum loading speed of 5mm/min
and the rates at which the GDS volume/pressure controllers could pump water in and out of
the cell in order to maintain the constant cell pressure given the vertical movement of the
loading ram within the cell and compression of the sample during testing. The loading frame
was also set to the minimum speed required to achieve the axial forces for a target CSR
within 40 seconds. Therefore, samples that were tested at higher CSRs were loaded at higher
speeds and conversely, slower speeds were used when testing samples at lower CSRs. There
was a delay in communication between the computer receiving the axial forces measured
by the load cells and the computer controlling the frame’s loading direction and as a result,
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samples were over loaded if the loading speed was too quick and if the loading speeds were
too slow, samples were under loaded. The density of the sample also had an effect on the
loading speeds as slower speeds were required to achieve the target CSRs in denser samples
and higher speeds were required to achieve the target CSRs in looser, more compressible
samples. As a result, in order to maintain the required axial forces throughout testing, the
frame’s loading speed was sometimes changed midway through the test. The loading speed
was decreased if the samples hardened otherwise, spikes were observed in the delivered axial
forces, and the loading speeds were increased if samples softened and the applied axial forces
were less than the target axial forces during testing. Due to the difficulties in controlling the
loading frame, there was some variation in the amplitudes of the cyclic loads applied to the
samples and therefore, the samples’ CSRs were calculated by averaging the maximum and
minimum deviatoric stresses measured over the number of applied loading cycles.
Once the cyclic testing loop was exited, either automatically after 3000 cycles or manually
when samples had compressed by 5% single amplitude axial strain, the last segment was set
to monotonically shear the sample, under undrained conditions, to establish failure and along
the CSL at high axial strains of approximately 20%. After testing had been completed, the
sample’s wet and dry masses were recorded to determine the final moisture contents and to
verify the measured changes in the volume of the sample during the test.
2.3 Unsaturated Triaxial Apparatus
A triaxial apparatus that is fully capable of testing an unsaturated sample, which contains air in
addition to water and soil, requires the capability to measure both pore air and water pressures
and to measure the sample’s volume changes. An assembly of a standard unsaturated triaxial
apparatus is described in detail in Fredlund and Rahardjo (1993). However, the ability
to control the pore air pressures was not required in the unsaturated samples tested in this
study which simplified the modifications required to convert the standard triaxial apparatus
described in the previous section, into an unsaturated triaxial apparatus capable of monitoring
the pore air pressures and monitoring and controlling the pore water pressures in the sample.
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In a standard triaxial apparatus, the volume changes of the sample are measured by using the
pore GDS controller to monitor water moving in and out of the sample. However, the volume
changes in an unsaturated sample are caused by changes in volume of compressible air in
addition to water and therefore, other methods are adopted to measure the volume changes
of the sample. The modifications that were made to convert the standard saturated triaxial
apparatus into an unsaturated triaxial apparatus used for testing unsaturated samples up to
suctions of 300kPa, will be discussed in the following sections.
2.3.1 Method of Measuring Pore Air and Water Pressures
To separate the measurements of a sample’s pore air and water pressures, the pore air and
water pressures were measured from the top and base of a sample respectively. A Druck,
2MPa pressure transducer was connected into the top line of the sample to measure the
sample’s pore air pressure and the tap configurations were altered so that the top line and the
pore air pressure transducer could be open to atmosphere and also isolated from the pore GDS
controller. A very coarse aluminium based porous disk was used at the top of the sample,
between the top platen and the sample to prevent water bridging from the sample to the air
line, but still allowing air to freely pass through. Between tests, the air line and the block,
which the air pressure transducer connected to, were frequently cleared with pressurised air
and were also checked for any traces of water.
The existing pore water pressure transducer located at the base of the triaxial pedestal
was used to measure the pore water pressure in the unsaturated sample. However, the triaxial
pedestal was altered to fit a removable 80mm in diameter 3-bar high air entry ceramic porous
disk and an o-ring was used to seal the edges of the porous disk to the inside of the pedestal
to prevent the passage of air. Due to the low permeability of the high air entry ceramic porous
disk, a spiral pattern groove was cut into the pedestal to improve the pore water pressure
measurements taken at the base of the sample. This spiral patterned groove also helped
to decrease the chance of potential blockage affecting the pore water pressure readings at
the base of the sample. The purpose of the 3-bar ceramic porous disk was to prevent air,
when under pressures of up to 300kPa, from flowing into the base of the triaxial pedestal,
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where the pore water pressure transducer was located and water and volume changes were
measured. These ceramic disks were frequently removed, saturated in distilled water under
a vacuum, and stored submerged in de-aired water between tests. The modified pedestal
base, triaxial drainage lines that were filled with water, and the cell and pore GDS controllers
were also flushed and refilled with distilled and de-aired water between tests to eliminate
any build up of diffused air that may have accumulated during tests. The unsaturated triaxial
apparatus described in Fredlund and Rahardjo (1993) also had the capability to flush de-aired
water through the base while samples were being tested, which is required when performing
long-term testing on materials with low permeabilities such as clays. However, due to the
high permeabilities of the samples, testing was typically completed within five days and
therefore, the amount of diffused air that could collect in the system during testing was not
expected to be significant.
As the high air entry porous disk is relatively impermeable, it can have an effect on
the sample’s pore water pressures, which are measured by the bottom pressure transducer,
particularly during the undrained cyclic loading stage of the test. Therefore, to investigate the
effect of the high air entry disk on the measured water pressures, the water pressures below
the high air entry porous disk were changed and the resulting water pressures above the high
air entry porous disk were measured. Figures 2.6 compare the supplied and measured water
pressures when the supplied water pressures below the porous disk were ramped up and down
at a rate of 3kpa/min and when they were also cyclically ramped up at the same frequency as
the cyclic loads that were applied to samples. It is evident from Figure 2.6a that there was
not a significant difference between the supplied and measured water pressures when the
supplied water pressures were gradually ramped up and down at a rate of 3kpa/min. When
the supplied water pressures were rapidly and cyclically changed, as shown in Figure 2.6b,
the measured pore water pressures also fluctuated at the same rate, although these fluctuations
were smaller in amplitude than the supplied water pressures. Therefore, while the high air
entry disk did have an affect on the pore water pressure measurements, it did not significantly
affect the measurement of the average increases in the pore water pressures that are also
expected to occur within the unsaturated samples during the cyclic loading stage of the test.
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2.3.2 Method of Measuring Sample Volume Changes
Two methods have been used in experimental unsaturated soil studies to measure the volume
changes in unsaturated samples by either using internal instrumentation that can measure
local radial and axial strains in samples (Hu and Lo, 2007; Hu et al., 2009), or by monitoring
the volume changes of the cell water surrounding the sample. Monitoring the volume changes
of the cell water is a more common approach, particularly for samples sheared to failure, as
the formation of shear planes and sample bulging in the sample causes irregularities in the
sample’s shape, making it difficult for internal instrumentation to accurately measure the
global volume changes of the sample. Studies that use the volume changes of the water in the
cell to monitor the volume changes of the sample typically use a smaller inner cell to reduce
the errors in measuring the cell water volume changes, mainly caused by the cell volume
changing with cell pressure, water absorption and thermal expansion as well as creep of the
cell under a constant cell pressure. However, these triaxial assemblies have been used to test
samples typically smaller in size than 50mm in diameter × 100mm in height (Kimoto et al.,
2011; Tsukamoto et al., 2014; Unno et al., 2006, 2008; Uzuoka et al., 2005; Wang et al., 2016,
2015) and these smaller samples are very sensitive to small errors in volume changes. The
samples tested in this study were much larger and therefore, the associated volume changes
of the samples would have been significantly greater than the volume changes measured in
50mm diameter samples.
The unsaturated triaxial used in this study did not have an inner cell. Instead, corrections
were made to account for the volume change of the cell caused by increases in the cell pressure
mainly applied during the sample consolidation stage. The volume changes associated with
the absorption of water and creep of the cell under constant cell pressure were also measured
and found to be relatively insignificant compared to the large sample volume and associated
volume changes. The triaxial cell was not refilled with fresh de-aired water during tests as
approximately 8L of water was required to fill the cell and it was not practical to empty
and refill the triaxial cell with fresh de-aired water between every test. Therefore, the
canister which supplied water externally to the triaxial cell under low air pressures, limited
in unsaturated tests to 15kPa to reduce the amount of dissolved air, was filled once with
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distilled water and was used to supply cell water for approximately 10 tests before it was
changed. The volume changes of the cell due to increases in cell pressure from using the
water supplied by the cannister was measured by monitoring the change in volume of cell
water when increasing the cell pressure around an incompressible, solid metal cylinder with
dimensions 100mm diameter × 200mm height. Figure 2.5 shows the relationship between
the amount of water flowing into the cell (shown by the negative volume readings) and
the cell pressure when increased up to 200kPa. Ideally no air would have been present in
the cell after it had been filled, however it was difficult to prevent air bubbles from being
trapped as the cell was being filled and this is partly the reason why there were initially,
large increases in the amount of water flowing into the cell at low pressures. As the cell
pressures were increased to 200kPa, the maximum confining cell pressure used in all the
unsaturated cyclic tests, any air present in the cell dissolved into the water. There was still
some variation between the volume vs pressure curves and this was partially because of the
variation in the volume associated with cell expanding. The changes in volume that resulted
due to the combination of air compressing and the expansion of the cell as the cell pressures
were increased varied by approximately ±2,500mm3, which was relatively small compared
to the measured unsaturated soil sample volume changes which typically ranged between
60,000mm3 and 120,000mm3.
To measure the volume changes associated with the absorption of water into the cell
wall and creep of the cell under constant cell pressure the same incompressible, solid metal
cylinder mentioned previously was assembled in the triaxial and the cell pressures were
increased and kept constant at 200kPa. While the cell pressure was kept constant at 200kPa,
the volume changes in the cell were monitored for up to five days as shown in Figure 2.4. The
negative volume readings in Figure 2.4 represent water flowing into the cell while positive
volume readings represent water flowing out of the cell. Therefore, as expected, water mainly
flowed into the cell due to the absorption of water into the cell wall, the expansion of the
cell and the air dissolving into the cell water when left at a constant cell pressure. The small
variations in the measured cell volume of approximately 300 to 400mm3 are believed to be
the result of fluctuations in room temperature. From the flattening off of the overall shape
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of the volume change curve, it is evident that the rate of the inflow of water decreased with
time and the total volume change after 5 days was around 1,500 to 2,500mm3 which was
relatively small compared to the typical total volume changes measured in an unsaturated
soil sample. It is also evident that similar cell volume changes resulted from performing test
trials 1 and 2 which suggests that the volume changes caused by water absorption into the
cell wall and creep of the cell when the cell is being held at constant cell pressure, are also
consistently small.
A volume correction that also accounted for the volume of water that the ram, 25mm in
diameter, displaced when moving up and down onto the sample during the consolidation,
cyclic and monotonic shearing stages was also applied as the displacement of the ram was
recorded through the axial LVDT readings. A summary of the cell correction calculations is
included in AppendixA.4.
2.3.3 Sample Assembly and Saturation
The assembly of the unsaturated samples was similar to the method described previously
for the saturated samples. However, during the saturation stage only low cell pressures less
than 15kPa and low back pressures of 3 to 7kPa were used and the air line was left open
to atmosphere when water was pumped through the base of the sample. The volume of
water added to the sample was limited to the amount required to achieve the target degree
of saturation. No change in the sample’s volume was detected during this stage and any
water that came through the air line, which typically only occurred at higher target degrees
of saturation of 85% and above, was measured and subtracted from the volume of water that
was added to the sample. Once the target saturation was reached, the back pressure was
reduced to approximately 0 or 1kPa to prevent more water from flowing into the sample
during the saturation stage and the air line was closed to atmosphere prevent water from
moving through the air line and affecting the air pressure readings in subsequent stages of
testing. This process, which took up to 5 days, was not accompanied by changes in specimen
height, and resulted in the moisture content increasing as indicated by the arrow in Figure 2.7.
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Moisture content analyses, shown in Appendix A.5 also showed that the moisture distributed
evenly within the samples during the saturation stage.
2.3.4 Sample Consolidation and Shearing
The majority of the unsaturated samples were tested under cyclic loading conditions and
were initially consolidated isotropically to 200kPa and then the deviator stress was increased
by 200kPa to reach an anisotropic stress state with σ1 of 400kPa and σ3 of 200kPa. This
was representative of the stress state of an element located at the bottom in the middle of
cargo. Samples were left at this state until the volume of water draining from the sample was
below 1.5×10−3 mm3/s. The tap allowing water to drain from the sample was then turned
off and samples were subsequently loaded cyclically and then monotonically as described in
section 2.2.4 for saturated samples. Some of the unsaturated samples were also tested under
monotonic loading conditions and these were isotropically consolidated, typically at low
stresses, below 200kPa and then subsequently sheared undrained to failure.
After testing had been completed, the sample’s wet and dry masses were recorded to
verify the water volume changes measured in the sample during the test. Any water that was
detected in the air line or air pressure block when disassembling samples, a problem in only
7 tested samples with fines contents (18 and 28%) that were prepared at degrees of saturation
above 85%, was collected and subtracted from the amount of water that was recorded to
have entered the sample during the saturation stage. Unfortunately, the flow of water into
the air line in these samples could not be prevented and it was also unknown at what stage
this occurred, however, the volume of water was relatively small and resulted in a 2 to 5%
decrease in these sample’s degree of saturation.
2.4 Permeability Apparatus
Permeability tests were carried out according to Australian Standards AS1289.6.7.1-2001
(AS1289, 2001). The permeability apparatus was assembled through modifying the computer
controlled triaxial apparatus described in Section 2.2 by adding a GDS digital volume and
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pressure controller into the system and connecting it to the top drain of the sample. This
enabled the pressures to be varied between the top and bottom of the sample and the resulting
flow rate could also be measured through monitoring the volume changes of the water
entering and exiting the sample at the bottom and top drains respectively. Samples were
prepared according to the method outlined in Section 2.2.3 except that these samples were
prepared at a 1 to 1 height to width ratio and therefore, were prepared 100mm in diameter and
100mm in height. Once the samples were fully saturated, three different pressure differences
between the top and bottom of the sample were applied ranging from 2 to 10kPa to establish
different flow rates for various differences in head according to Darcy’s Law defined in
Equation 2.1
Q =−kA
(dh
L
)
(2.1)
where k is the saturated permeability of the sample, A is the cross sectional area, L is the
length over which there is a change in h, the head is based on the change in water pressure
within the sample according to Equation 2.2
dh =
duw
γw
(2.2)
where uw is the water pressure and γw is the unit weight of water. Finally, the saturated
permeability k was taken as the average over the three different differences in pressure head.
2.5 Pressure Plate Apparatus
A pressure plate apparatus was built at the Sydney University Geotechnical Laboratory and
was used to obtain the soil water characteristic curves (SWCCs) up to suctions of 300kPa
for the materials that were used in the unsaturated triaxial tests. The SWCC shows the
relationship between the degrees of saturation that result from changes in applied suction on
the material. Different suctions are achieved by applying air and water pressures which act
at the top and bottom of the sample respectively. Changes in applied suction are typically
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achieved by changing the air pressure while keeping the water pressure at the base of the
sample constant.
Compressed air connected to a dial gauge and regulator was used to control the applied
air pressures and a Druck 2MPa pressure transducer, connected to a machined metal block,
filled with air was used to measure the applied air pressures. A GDS digital volume and
pressure controller was connected to the bottom of the sample to measure and control the
water pressures and volume changes from the sample. To prevent air from moving through
the sample into the base of the apparatus where the water pressures were being measured, a
3-bar high air entry ceramic porous disk was fitted and sealed by an o-ring in the bottom of
the hollow aluminium cylindrical sample container which had an inner diameter of 40mm
× 100mm in height. The sample container and porous disk were fitted and sealed into the
base of the pressure plate apparatus with another o-ring, located on the outside of the sample
container. A spiral pattern was cut into the base of the pore pressure plate apparatus so that
an even water pressure could be supplied to the base. An LVDT with 10mm travel was used
to measure the axial displacements in the sample due to the increases in air pressures. It was
mounted externally to the pressure plate apparatus and the tip of the LVDT was placed on top
of the ram, connected to the top platen which rested on the sample. The top platen started to
lift off the top of the sample when air pressures were increased over 50kPa and this affected
the displacement readings from the LVDT therefore, to prevent this from occurring, weights
were used to keep the top platen just in contact with the sample. The horizontal deformations
of the samples were not measured. However, the potential for horizontal deformations was
small as samples were confined horizontally by the aluminium cylindrical sample container
and by the rough porous disks placed on the top and bottom of the sample.
The high air entry porous disk was de-aired in the desiccator between tests and was
stored submerged in de-aired, distilled water when not in use. The base of the apparatus,
the lines that were connected to the base and the GDS controller were refilled with distilled
and de-aired water between tests to eliminate any build up of diffused air that may have
accumulated during tests. The TRIAX software was used to monitor the changes in air
53
Description of Experimental Techniques
pressure, water volume and in axial displacement and to keep the water pressures constant at
the base of the sample.
2.5.1 Sample Assembly and Testing
Samples were prepared in the sample container as a slurry at a moisture content and to a
height that resulted in the samples being as close to fully saturated as possible. Filter paper
was also placed on the bottom and top of the samples and a coarse ceramic porous stone,
40mm in diameter, was also placed on top of the sample to prevent water bridging from
the sample into the air line, but which still allowed air to freely pass through. A set up of
the pressure plate apparatus is shown in Figure 2.8. The height of the sample when fully
assembled in the apparatus was measured using vernier calipers. Once the lid of the apparatus
was secured, the LVDT was set for measurement and the air and water pressures were zeroed.
A small constant water pressure of approximately 1kPa was set at the base of the sample,
as the GDS controllers only had an accuracy of ±2kPa and the air pressure was increased
in steps to obtain the primary drying part of the sample’s SWCC. Samples were only tested
up to suctions of 200kPa which was well above the suctions that samples reached during
unsaturated triaxial testing and due to the low permeabilities of the materials, also was high
enough to establish the sample’s air-entry value and relationship between the suctions and
degree of saturation expected in the material in the context of ship liquefaction. Once a
suction of 200kPa was reached, the air pressure was decreased in steps to obtain the primary
wetting part of the sample’s SWCC. To obtain several scanning curves in the sample’s SWCC,
the air pressures were increased in one step and then decreased back to the original pressure
during the process of establishing the primary wetting part of the SWCC. The air pressure
was only increased and decreased when samples were observed to have reached equilibrium
which was defined as when the rate of the volume change in water flowing in or out of the
sample was less than 1.5× 10−3 mm3/s.
At the end of the test, when the suctions were reduced back to 0kPa, the apparatus was
disassembled, the sample was removed and its height was checked using vernier calipers.
54
2.6 Small Centrifuge Apparatus
The sample’s wet and dry masses were also recorded to verify the measured changes in the
volume of water in the sample during the test.
2.6 Small Centrifuge Apparatus
A small geotechnical centrifuge was developed at the Sydney University Geotechnical Labo-
ratory by modifying a commercially available J6-M1 Beckman-Coulter medical centrifuge
which had a diameter of 280mm and four swinging hangers and was designed to carry a
maximum load of 6kg at 4000rpm. This centrifuge apparatus was capable of monitoring air
pressure and the movement of water in a soil sample live, during centrifugation at increased
g-levels and therefore, at the stresses that result when cargo, 15m deep is loaded into the hold
of a ship. A picture of the modified centrifuge bowl with a soil sample container and counter
weight ready for a test is shown Figure 2.9.
2.6.1 Modifications
A Perspex soil container with inner dimensions of 75mm × 38mm in plan and 76mm deep
was constructed to carry instrumentation including three embedded miniature pore pressure
transducers and a mounted wireless camera. The soil container with instrumentation was
fitted into one of the swinging micro-plate carriers as shown by the photograph in Figure 2.10
that also has plan dimensions of 130mm × 85mm. To provide a balanced counterweight,
another soil container with no onboard instrumentation and a mounted dummy camera were
placed in the other micro-plate carrier and filled with the same soil. The swinging micro-plate
carriers that came with the centrifuge were manufactured to slide into position in a sample
bay on the rotor piece and therefore the micro-plates and rotor piece were not modified.
A schematic of the monitoring system set up for a sample is shown in Figure 2.11.
The battery powered wireless cameras that were mounted onto the specimen holders have
dimensions of 20mm × 20mm × 63mm and a resolution of 628 × 582 pixels. Their video
data was transmitted to a receiver on the base of the centrifuge lid which was connected
to a PCIe video capture card in the computer. The centrifuge has safety features that only
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allowed operation with the lid closed and lighting had to be provided for the camera to
capture video of the sample. This was achieved through mounting 12V LEDs on the sample
carrier bays of the rotor and around the bowl of the centrifuge so that the LEDs sufficiently
illuminated the micro-plate carrier and sample during centrifugation. The miniature pore
pressure transducers were mounted along the centreline of the container; two miniature pore
pressure transducers were mounted at depths of approximately 1/3 and 2/3 from the top of
the targeted sample height within the container, and the third pore pressure transducer was
mounted in the bottom of the sample container. All the pressure transducers were connected
to a wireless Lord Microstrain (LM) data acquisition (DAQ) system, which transmitted data
to a base station placed on the bottom of the centrifuge bowl and was connected to the
computer via USB. A small hole was cut in the centrifuge lid to allow cabling between the
wireless camera and LM base station and the computer. The wireless LM DAQ and lights
were powered by on board batteries placed in an aluminium container manufactured to sit
in an unused sample bay on the rotor. This container was balanced by another aluminium
container in the opposite unused sample bay which contained the LM DAQ system, also
shown in Figure 2.9.
2.6.2 Sample Assembly and Testing
Samples were prepared in the sample containers to a target height of 50mm, at a specific
density and with a moisture content required to achieve a specific degree of saturation
which ranged from 60 to 80%. The sample container was then assembled in the micro-
plate holder and balanced together with the counterweight. Then the micro-plate holders
containing the sample and the dummy sample were slotted into place on the rotor, the on
board instrumentation was connected to the DAQ system and the monitoring software was
started. The lights in the centrifuge were switched on and once the centrifuge lid was closed,
the centrifuge was spun up to 1300rpm for up to 5 minutes which was sufficient time for all
the samples to reach equilibrium as was observed from the pore water pressure responses in
the samples, recorded and displayed live during centrifugation. Once the test was finished
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and the centrifuge stopped, the samples were disassembled and results were saved in the
computer for further analysis.
2.6.3 Calibration of Miniature Pore Pressure Transducers
The miniature pore pressure transducers were calibrated through connecting them to a GDS
digital pressure volume controller and recording the voltage output for each pressure up to
200kPa. To check the calibration of the pressure transducers, the sample container was filled
with water 47.5mm deep, a level where all three pressure transducers were submerged and
no spillage of water occurred during assembly. The container was spun up to speeds ranging
between 700 and 1400rpm and the calibrated pressure readings for the pressure transducers
located along the centreline, were found to agree with the theoretical pressures as can be
seen in Figure 2.12. The theoretical pressures were calculated from using the equation for
centripetal acceleration as defined in Equation 2.3
a = rω2 (2.3)
where a is the acceleration due to the centripetal force, r is distance from the centre of
rotation to the point of interest and ω is the angular velocity. Static water pressures are
defined according to Equation 2.4
uw = ρgh (2.4)
where ρ is the density of water, g is gravity and h is the known height of the water
above the point of interest. However, gravity varies throughout the sample depending on the
distance from the centre of rotation according to Equation 2.3 and therefore the pressure at a
point of interest needs to be calculated by integrating through the depth of the sample which
results in Equation 2.5
uw =
ρω2
2
(r21− r22) (2.5)
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where r1 is the distance from the centre of rotation to the point of interest and r2 is the
distance from the centre of rotation to the top of the water. The change in the water level due to
the increase in curvature of the water meniscus at the centre of the container was also included
in the calculations and were approximated by assuming that the water was incompressible and
therefore the volume of water remained constant throughout centrifugation. The calculations
are presented in more detail in Appendix A.6 which shows that the change in the shape of
the water meniscus during centrifugation results in the water level varying by a maximum of
approximately ±1.7mm in the centre of the container.
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Fig. 2.9 Centrifuge Bowl
Fig. 2.10 Centrifuge Sample Carrier
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Fig. 2.11 Diagram of the Centrifuge Monitoring System
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Chapter 3
Monotonic and Critical State Behaviour
of the Gap and Well Graded Materials
3.1 Introduction
This chapter discusses the effect of grading and in particular, the effect of different fines
contents, on the position of the CSL. From a Critical State Soil Mechanics perspective, this
is the initial step required to identify the effects of grading and fines content on the materials’
resistance to liquefaction. The behaviour of gap graded silty sands with varying amounts
of fines of various different mineralogies, have been well defined in literature as a number
of different silty sands have been known to liquefy as a result of seismic induced cyclic
loading conditions. In particular, the transitional fines content, which is related to the effect
of fines on the location of the CSL, has been used to describe the effect of fines on the
liquefaction behaviour of silty sands. Therefore, saturated monotonic triaxial tests were
initially performed in this study to identify the effect of fines on the critical state behaviour
of samples containing mixtures of different amounts of feldspar fines, in particular, and sand.
The data collected in this study on the critical state behaviour of the gap graded silty sands
will be presented and discussed in this chapter. Well graded materials, that have a much
larger range of particle sizes and some variation in fines content, have also been known to
liquefy due to the rocking motions during shipping transportation. However, the effect of
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fines on the liquefaction behaviour of these materials has not been as well characterised and
this is partly because it is difficult to define the finer part of well graded materials as there is
no physical clear particle size distinction between the coarse and fine fraction. In this study,
the fine fraction has been defined as particles less than 75µm in size. Therefore, the effect of
the feldspar fines on the location of the CSL in the well graded materials, similar in grading
to iron ore fines, has also been investigated and the results will be discussed and compared to
the gap graded materials in this chapter.
3.2 Sample Testing Methodology
Triaxial samples were prepared in the cylindrical split mould at two different densities,
referred to as "dense", and "loose." All specimens were compacted in 5 layers and each layer
was formed with a plate on the surface to ensure that the layers were flat and evenly compacted.
The dense specimens were made at the material’s optimum moisture content and with 25
blows per layer using a standard modified compaction hammer. The optimum moisture
contents for the materials were determined through performing a modified compaction test
according to Australian Standard AS1289.5.2.1 and the results from the compaction tests are
included in Appendix A.7. The loose specimens were also prepared by compaction at the
same moisture content. The number of blows used per layer was the minimum required to
ensure that in disassembling the split mould and transferring the specimen to the triaxial cell,
the specimens did not collapse. The number of blows per layer for each sample was kept
constant and typically, the total number of blows for each sample varied from 10 to 25. For
some gradings, a few samples were prepared at intermediate densities and these were also
prepared by compaction at the same moisture content. These samples were also prepared in
5 equal layers, to a target void ratio in between the void ratios associated with the dense and
loose samples. Samples containing purely sand or fines were prepared only at dense and loose
states and were also prepared smaller in size, directly on the triaxial pedestal in a 110mm
height × 55mm diameter split mould. Once samples were saturated, they were isotropically
consolidated under confining pressures of 20 to 1300kPa and subsequently sheared to failure
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under drained or undrained conditions. Several sieve analyses were performed on the portions,
taken from the top, middle and bottom of the samples after the samples had been tested
to check whether any breakage or migration of the fines occurred during preparation and
testing. However, from the post-test gradings of sub-samples shown in Appendix A.2, no
breakage nor migration of fines could be detected. In a few of the preliminary tests, some
fines migration occurred and this was minimised by maintaining a low head difference during
the saturation stage.
The drained and undrained monotonic triaxial tests performed to locate and investigate
the effect of the fines on the location of the materials tested, are summarised in Tables 3.3
and 3.4, which are located at the end of this chapter. The tests performed on the gap (G)
and well graded materials were named according to their fines content, whether they were
prepared dense (D), loose (L) or at a mid-density (M) and finally with their confining pressure.
For example, a gap graded dense test containing 60% fines performed at a confining pressure
of 50kPa would be named 60GD50 whereas a well graded dense test containing 60% fines
performed at a confining pressure of 50kPa would be named 60D50. The void ratios recorded
in Tables 3.3 and 3.4 are the void ratios that resulted in the samples after they had completed
the consolidation stage.
3.3 Effect of Fines on the Volumetric and Stress-Strain Re-
sponse of Silty Sands
Figures 3.1 to 3.5 show the stress-strain and volumetric responses of the samples containing
pure sand and silt and mixtures between the two where the fines contents were 20, 40, 60
100% respectively. The position of the materials’ CSLs in the e vs logp′ and q vs p′ spaces
are also shown in Figures 3.6 to 3.10. The volumetric response curves of the samples
that were tested under undrained conditions were not graphed and only their stress-strain
responses have been plotted in Figures 3.1 to 3.5. Failure was defined to occur when samples
reached high values of axial strain, greater than 15%, and when no further volumetric or stress
change was observed. The effects of strain localisation in the samples were minimal as the
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majority of the samples bulged when sheared to high values of axial strain, which, from a soil
mechanics perspective, indicated that samples deformed isotropically up until failure. Most
of the samples which were prepared dense and tested under drained conditions also bulged
and failed on the same CSL as other samples which were tested under undrained conditions.
However, some of the samples that were prepared dense and tested under drained conditions
developed a distinct shear plane, including tests 20GD900, 20GD500, 40GD50, 40GD100,
60GD500, 60GD500i and 60GD100. These tests have also been included in Figures 3.1
to 3.5 and their stress-strain curves were not smooth as once a shear plane developed, the
stress-strain and volumetric response curves of these samples suddenly flattened and the
samples dilated less than expected. As a result, the critical state could not interpreted from
the data and the points associated with failure for these samples have been marked with
upward pointing arrows in the e vs logp′ plane. Unfortunately, some tests (40GD1400,
40GD1300, 60GL1400) which were performed under high confining pressures had to be
terminated before reaching an ultimate state as the stresses achieved during these tests were
beyond the maximum capacity of the load cells. However, the stress paths of these tests in
the q vs p′ space could be extrapolated and the p′ and q at failure could be approximated.
It is also evident in the e vs logp′ plane that these samples were approaching the materials’
CSLs determined from tests at lower stresses.
It is also evident from the volumetric responses of the samples containing pure sand,
that these samples dilated and did not reach a state where no further volumetric change
was observed even though these samples were tested to large axial strains greater than 15%.
Nevertheless, towards the end of these tests, the samples’ rate of dilation can be observed to
be decreasing and it is believed that at the end of the test, samples were still approaching
the critical state. Therefore, upward arrows have also been added to the end points of
the tests performed on samples of pure sand in the e vs logp′ plane that point towards an
approximated CSL for this material. The position of the CSL for the pure sand could not
be accurately determined from the triaxial data in this study. Instead, the CSL for pure sand
was approximated based on the triaxial data collected from this study and published triaxial
data performed on a different batch of Sydney Sand reported by Rahman et al. (2008) as has
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been marked with crosses in Figure 3.6a. The batch of Sydney Sand tested in Rahman et al.
(2008) had a higher range of minimum and maximum void ratios of 0.565 to 0.855 (Chu
et al., 1992) compared to the maximum and minimum void ratios for the batch of Sydney
Sand that was tested in this study, which ranged from 0.57 and 0.77 (Duraisamy, 2016). This
is why the position of the CSL for pure sand is estimated to lie between the two sets of data
and closer to the points determined for the Sydney Sand tested in this study.
General trends from the stress-strain and volumetric responses of the samples containing
sand and silt and mixtures between the two show that samples containing pure sand were
more dilative than the samples containing pure silt when sheared. However, these samples
were prepared on the triaxial apparatus where only a small amount of compactive energy
could be applied compared to the samples containing mixtures of silt and sand, which were
prepared outside the triaxial apparatus. Therefore, the samples of pure silt and sand would
have been prepared much looser than the samples containing a mixture of silt and sand and
this is partly why the samples containing pure silt compressed when sheared to failure. The
samples containing a mixture of silt and sand, prepared at a range of densities, behaved as
expected. Typical soil behaviour was observed as the denser samples under low confining
pressures dilated and while looser samples under higher confining pressures compressed.
Samples that were consolidated to higher confining stresses also reached higher stresses
when sheared than samples which were sheared under lower confining stresses.
3.4 Effect of fines on the location of the CSL for Silty Sands
The critical state parameters that define the location of the CSL for the pure silt, silt-sand
mixtures and pure sand samples in the e vs logp′ and q vs p′ spaces are summarised in
Table 3.1 and the CSLs for the materials are shown in Figures 3.6 to 3.10. A summary of the
critical state points for the sand, silt and mixtures between the two is shown in Figure 3.11.
Adding fines to sand resulted in a parallel downwards shift of the CSL until a fines
content of 40% was reached. As the fines content was increased above 40%, the CSL
shifted up towards the CSL of pure silt as can be seen from the summary of the critical
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Table 3.1 Critical State Parameters λ , Γ, Φcs and M for Silty Sands
Material λ Γ Φcs M
100% fines 0.072 1.10 37 1.460
60% fines (loose) 0.026 0.726 36 1.462
60% fines (dense) - 0.66 - -
40% fines (loose) 0.031 0.641 36 1.462
40% fines (dense) - 0.57 - -
20% fines 0.026 0.68 33 1.330
Sand 0.027 0.88 32 1.287
state points shown in Figure 3.11. Therefore, the TFC for these silty sand samples was
approximately 40%, which is within the TFC range of 20 to 50% indicated in other studies.
No significant steepening of the CSL in the e vs logp′ space was observed as the amount
of fines was increased from 20 to 60% even though the slope for pure silt is significantly
higher. Figure 3.11 also shows two distinct critical state lines for 40 and 60% fines indicating
transitional soil behaviour for these sand-silt mixtures. The TFC is also related to the void
ratios or densities that can be achieved by the packing of silt and sand particles. The maximum
and minimum void ratios were determined through following the procedure outlined in
AS1289.5.5.1, which showed that the maximum density was achieved at a silt content of 25%
as shown in Figure 3.12, which was different from the TFC and transitional soil behaviour
observed in the silty sands containing 40% fines observed during the triaxial testing. This
suggests that particle rearrangement during shearing has an important contribution to the
TFC and, as demonstrated by Zuo and Baudet (2015), different TFCs can be expected under
different test conditions.
The gradient of the CSL, λ and the critical state friction angleΦcs are greatest for samples
containing pure silt and are significantly lower in the samples containing mixtures of sand
and silt. Samples with higher fines content of 40 and 60% fines had a Φcs similar to the
pure silt, whereas samples with 20% fines content had a Φcs closer to pure sand. The results
did not indicate a linear variation of Φcs with fines content and instead, suggested that for
higher fines contents of 40 and 60%, that the frictional behaviour is being controlled by the
silt and for samples with a lower fines content of 20%, by the sand. However, within the
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range of fines contents that were tested in this study, the gradient of the CSL, λ , appeared to
be independent of the fines content as the slope of the CSL was the same for the silt-sand
samples. The slopes of CSLs for the silt-sand and pure sand samples were similar, which
suggests that the sand had more of an influence on the slope of the silt-sand sample’s CSL
than the fines. The CSLs should steepen as the fines contents are increased to values greater
than 60% as the fines increasingly become the dominant fraction within a material.
3.4.1 Transitional Soil Behaviour in Silty Sands
Transitional soil behaviour was observed in the silt-sand samples containing higher fines
contents of 40 and 60% fines as samples that were prepared initially dense and loose sheared
to different and parallel "dense" and "loose" CSLs as can be seen in Figure 3.11. Possible
transitional soil behaviour in silty sand samples was reported in Carrera et al. (2011) which
contained 50% but not in samples containing 30 or 70% fines, suggesting that there could
be a range of fine contents in silty sands between 40 and 60% for which transitional soil
behaviour occurs. However, it is difficult to directly compare results obtained from studies
which have used different experimental procedures as the behaviour of transitional soils is
sensitive to sample preparation. The triaxial samples in this study were prepared at densities
ranging from very loose to very dense while Carerra et al’s oedometer samples were prepared
at only low relative densities. Furthermore, the mineralogy of the coarse and fine parts of
the samples were different which is another reason why these results cannot be directly
compared with other studies. Shipton and Coop (2015) observed transitional soil behaviour
in silty sand containing 25% fines and also showed that there was a band of possible critical
states for their material. However, samples in this study were also prepared and tested in
the triaxial at densities mid-way between the dense and loose samples (tests 60GM75 and
40GM20) and they were observed to compress until failure at the "dense" CSL, suggesting
that there may only be two CSLs and not a band of possible critical states.
It is believed that this behaviour is a consequence of two distinct structures being formed
in the samples containing 40% and 60% fines, that are dependent on the preparation procedure.
All the loose samples containing silt and mixtures of sand and silt collapsed significantly
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during the saturation stage which is believed to have resulted in a more homogenous particle
arrangement that remained within the sample until it was sheared to failure. The assumption
that the collapse that accompanies wetting of the loosely compacted samples produces a ho-
mogeneous structure follows from the observations made from mercury intrusion porosimetry
(MIP) tests on compacted clays (Burton et al., 2015). No collapse occurred in the silt-sand
samples that were prepared dense and it is believed that the different particle arrangements
present in these samples were preserved up until failure due to the efficient packing of the
particles and the particle interlock that resulted from the high compactive effort used to
achieve such high densities. Similar differences in particle structure have been observed to
have an effect on the critical state behaviour. Chang et al. (2011) and Kwa and Airey (2016)
observed transitional soil behaviour in silty clay gold tailings and larger sized well graded
basalt aggregate samples respectively. They specifically looked at the particle arrangement
or fabric present in differently prepared samples prior to the samples being tested in a triaxial
apparatus and they observed characteristically different particle arrangements in the samples
that depended on the sample preparation. Due to the different critical states it was further
hypothesised that these fabrics had been preserved up until failure but, because of the dif-
ficulties in preserving the fabric once the samples have reached their critical states, it has
not yet been possible to confirm this hypothesis. It is believed the samples with low (20%)
and high (100%) fines contents did not display transitional soil behaviour even though they
collapsed during saturation because these samples did not have the ability to form distinctive
particle arrangements, but rather, tended to form relatively homogenous particle structures
irrespective of the preparation density.
3.5 Effect of Fines on the Volumetric and Stress-Strain Re-
sponse of Well Graded Materials
Figures 3.13 to 3.16 show the typical stress-strain and volumetric response of the samples
containing mixtures of basalt aggregates ranging in particle sizes 9.5 to 0.15mm in diameter
and silt at fines contents of 18, 28, 40 and 60%. The position of the materials’ CSLs in
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the e vs logp′ and q vs p′ spaces are also shown in Figures 3.17 to 3.20. The volumetric
response curves of the samples that were tested under undrained conditions were not graphed
and only their stress-strain responses have been plotted in Figures 3.13 to 3.16. All the
well graded samples which bulged during testing, and therefore, strain localisation effects in
these samples were minimal, were sheared until they reached failure at axial strains greater
than 15% where no further volumetric or stress change was observed. Similarly, to the
triaxial tests performed on the silty sands, some of the samples which were observed to bulge
were also prepared dense and tested drained and their failure points were consistent with
the critical states achieved by the samples tested undrained in the e vs logp′ plane. Shear
planes developed in some of the samples (40D50, 60D50 and 60D700) that were prepared
dense and tested under drained conditions, and these samples have also been included in
Figures 3.13 to 3.16. The stress-strain and volumetric response curves for these tests were
not smooth and less dilation occurred than expected. Therefore, upward pointing arrows
have also been added to the end points of these tests associated with failure in the e vs logp′
space that point towards the CSL. Test 28L1200 was the only test performed under a high
confining pressure, which had to be terminated as the load cell reached its limit before the
sample reached its ultimate stress state. However, the stress path for this test in the q vs p′
space could be extrapolated and the values for p′ and q at failure could be approximated.
It is also evident in the e vs logp′ plane that this sample (28L1200) was approaching the
material’s loose CSL. Otherwise as expected, typical soil behaviour was observed in the well
graded samples as the denser samples under low confining pressures dilated and while looser
samples under higher confining pressures compressed. Samples that were consolidated to
higher confining stresses also reached higher stresses when sheared to failure than samples
which were sheared under lower confining stresses.
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Table 3.2 Critical State Parameters λ , Γ, Φcs and M for Well Graded Materials
Fines Content λ Γ Φcs M
100% 0.072 1.104 37 1.506
60% (dense) 0.027 0.638 37 1.506
60% (loose) - 0.589 - -
40% (dense) 0.027 0.574 39 1.593
40% (loose) - 0.512 - -
28% (dense) 0.019 0.471 40 1.636
28% (loose) - 0.395 - -
18% 0.021 0.369 42 1.722
3.6 Effect of fines on the location of the CSL for Well Graded
Materials
The critical state parameters for the well graded materials containing 18, 28, 40 and 60%
fines are summarised in Table 3.2. The position of the CSLs for the well graded materials in
the e vs logp′ and q vs p′ spaces are shown in Figures 3.17 to 3.20 and a summary of the
critical state points for all the well graded materials is shown in Figure 3.21.
There did not appear to be a particular fines content that related to the TFC in the well
graded materials as their CSLs shifted up, relatively parallel to one another, in the e vs logp′
space as fines were added from 18 to 60%. This is believed to be a result of a lack in a clear
distinction between the fine and coarse fractions in the well graded materials, unlike in the
silty sands reported above. The shifting of the well graded materials’ CSLs towards looser
states as the fines content increased was also consistent with the compaction results and in
the emin and emax results shown in Figure 3.22, obtained using standard tests (AS1289.5.2.1)
and (AS1289.5.5.1), as results showed an increase in the possible void ratios in the well
graded materials with increasing amounts of fines above 18%. The samples which had less
than 18% fines in the emin and emax tests consisted of basalt aggregates mixed in the same
proportions as defined by the grading curve of the well graded material containing 18% fines
mixed with fines at fine contents of 0, 1.5, 2.5, 5, 10 and 15%. The minimum in the emin
and emax curves performed on these samples suggested that the fines packed most efficiently,
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filling up space between the coarser particles at a fines content ranging from approximately
10 to 20%. As the fines content was increased further, it is believed that the fines ceased to
simply fill the voids in between the coarser particles and took up the space originally filled
by the coarser particles resulting in a material with higher void ratios.
There was a decrease in the critical state stress ratios and therefore,Φcs that resulted from
the changes in grading between the materials. The changes in grading between each material
resulted from a combination of an increase in the feldspar fines and decrease in angular basalt
aggregates. Therefore, the decrease in Φcs to the same value as the Φcs found in samples
containing 100% fines, suggests that as the fines content was increased to 60%, the fines
became the dominant fraction in the well graded material.
3.6.1 Transitional Soil Behaviour in Well Graded Materials
Transitional soil behaviour was also observed in the well graded materials with 28, 40 and
60% fines as shown by the two unique and parallel CSLs associated with densely and loosely
prepared samples in Figure 3.21. This suggests that a higher fines content in a material
containing mixtures of a range of different particle sizes may contribute to the material
behaving transitionally. Samples of these materials were also prepared at intermediate
densities associated with the Transportable Moisture Limit (TML) from using C and D
compaction hammers. These densities are relevant to the cyclic testing procedure performed
on these materials as will be discussed in more detail in the next chapter. The samples
prepared at intermediate densities, that contained 28 and 60% fines only sheared to the dense
CSL as was also observed in the silty-sands which displayed transitional soil behaviour. This
behaviour was also believed to be a consequence of two distinct structures being formed that
are dependent on the preparation procedure as, similar to the loose samples of silty sand,
all the well- graded loose samples collapsed significantly during the saturation stage which
would have resulted in a more homogenous particle arrangement. Conversely, saturation
is believed to have had minimal effects on the densely prepared samples as any structure
produced by the high energies associated with the compaction process would have been
maintained up until failure, especially due to the efficient packing and interlock of the
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different sized angular basalt aggregates when mixed with fines. It was expected that some of
the samples that were prepared at an intermediate density associated with the C compaction
hammer were close to a relative density of 1, would shear to the dense CSL. The samples
prepared slightly looser, at densities associated with the D compaction hammer, also sheared
to the dense CSL and as these samples collapsed by a significantly smaller amount compared
to the very loose samples. This suggests that insufficient particle movement occurred to
have significant effects on the fabric. Furthermore, as will be discussed in more detail in the
next chapter, the effective stress tended to decrease in the samples when sheared cyclically.
These samples that were prepared at intermediate densities and sheared towards the dense
rather than the loose CSL. This suggests that only the dense CSL is required to describe the
possible cyclic liquefaction behaviour of the well graded materials with 28 and 60% fines
which displayed transitional soil behaviour.
Samples containing 40% fines that were prepared at intermediate densities did not always
shear to the dense CSL as can be seen by the data points of two tests shaded in grey in
Figure 3.21. For example, tests 40M800 and 40D18 were identically prepared at intermediate
densities. (Test 40D18 is a sample that was tested cyclically and this test, as well as other
cyclic tests, will be explained in more detail in the next chapter) However, as can be seen
in Figure 3.23, test 40M800 moved to the loose CSL and test 40D18 moved to the dense
CSL, after being consolidated and subsequently sheared undrained. It is believed that this
transitional soil behaviour is related to the fines content present in the samples. It is possible
that samples, which in particular contained 40% fines and were prepared at intermediate
densities, had a soil structure which was very sensitive to small differences in the preparation
and therefore, could move towards the loose or dense CSLs when sheared to failure.
Regardless of these observations in the samples containing 40% fines and the more
predictable transitional behaviour in the other materials containing 28 and 60% fines, it
arguably is more conservative to choose the CSL associated with samples that are prepared
as physically dense as possible to describe the possible liquefaction behaviour and failure
points of the material. If a loosely prepared sample is hypothesised to fail onto the dense
CSL, it will be assumed to be more compressible, have a higher chance of building up pore
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pressures and therefore withstand fewer cycles for a given CSR than if it were hypothesised
to fail on the loose CSL. Therefore, the dense CSLs of the materials containing 28, 40 and
60% fines were chosen to calculate the cyclically tested samples’ state parameters, which
will be used to describe and compare the cyclic liquefaction behaviours between the well
graded materials as discussed in the next chapter.
3.7 Conclusions
A transitional fines content of 40% was observed in the silty sands tested in this study.
However, no transitional fines content was observed in the CSLs of the well graded materials
as the fines content was increased within the range of chosen fine contents. This is believed to
be a result of the lack in the distinction of particle sizes between the coarse and fine fractions
present in the well graded materials. As the fines content was increased in the well graded
materials, the CSLs shifted towards looser states which was consistent with the minimum and
maximum density results. Transitional soil behaviour was observed in both the silty sands
and the well graded materials which contained higher fines contents of 40 and 60% and 28,
40 and 60% respectively as two unique and parallel CSLs were identified for each of these
materials when samples were prepared very loose and very dense and this adds another layer
of complexity in using the CSL to describe the liquefaction potential of a material. However,
it is more conservative to assume that a material will compress more, develop higher pore
water pressures and fail on the denser CSL and therefore, the dense CSL will be chosen as a
reference to describe the liquefaction responses of the well graded materials.
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3.8 Summary of Monotonic Triaxial Tests
Table 3.3 Summary of Saturated Monotonic Triaxial Tests on Silty Sands
Test Name Type of Test Material Gs p′cs eshear Dense or Loose
100GD900 CID 100% fines - 900 0.64 Dense
100GD900 CID 100% fines 2.57 900 0.65 Dense
100GD500 CID 100% fines - 500 0.67 Dense
100GL50 CIU 100% fines - 50 0.86 Loose
100GL250 CIU 100% fines - 250 0.76 Loose
60GD500 CID 60% fines, 40% sand 2.6 500 0.47 Dense
60GD500i CID 60% fines, 40% sand - 500 0.46 Dense
60GD950 CIU 60% fines, 40% sand - 1000 0.47 Dense
60GD100 CID 60% fines, 40% sand - 100 0.49 Dense
60GM75 CID 60% fines, 40% sand - 75 0.55 Mid
60GL1400 CIU 60% fines, 40% sand - 1400 0.54 Loose
60GL20 CID 60% fines, 40% sand - 20 0.68 Loose
60GL50 CID 60% fines, 40% sand - 50 0.65 Loose
60GL500 CID 60% fines, 40% sand - 500 0.59 Loose
40GD1300 CIU 40% fines, 60% sand 2.62 1300 0.33 Dense
40GD50i CID 40% fines, 60% sand - 50 0.41 Dense
40GD50 CID 40% fines, 60% sand - 50 0.49 Dense
40GD20 CID 40% fines, 60% sand - 20 0.51 Dense
40GD1400 CIU 40% fines, 60% sand - 1400 0.34 Dense
40GD100 CIU 40% fines, 60% sand - 100 0.37 Dense
40GM20 CID 40% fines, 60% sand - 20 0.53 Mid
40GL900 CID 40% fines, 60% sand - 900 0.46 Loose
40GL100 CID 40% fines, 60% sand - 100 0.54 Loose
40GL800 CID 40% fines, 60% sand - 800 0.45 Loose
40GL20 CIU 40% fines, 60% sand - 20 0.58 Loose
40GD500 CID 40% fines, 60% sand - 500 0.47 Loose
20GD900 CID 20% fines, 80% sand 2.63 900 0.48 Dense
20GD500 CID 20% fines, 80% sand - 500 0.47 Dense
20GD50 CID 20% fines, 80% sand - 50 0.45 Dense
20GL50 CID 20% fines, 80% sand - 50 0.61 Loose
20GL100 CID 20% fines, 80% sand - 100 0.60 Loose
20GL950 CID 20% fines, 80% sand - 950 0.55 Loose
00GD50 CID 100% sand 2.65 50 0.66 Dense
00GD150 CID 100% sand - 150 0.66 Dense
00GL100 CID 100% sand - 100 0.70 Loose
Table 3.3 – Continued from previous page
Test Name Type of Test Material Gs p′cs eshear Dense or Loose
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00GL500 CID 100% sand - 500 0.65 Loose
Table 3.4 Summary of Saturated Monotonic Triaxial Tests on Well Graded Materials
Test Name Type of Test Material Gs p′cs eshear Dense or Loose
18D200 CID 18% fines 2.87 50 0.29 Dense
18D700 CID 18% fines - 700 0.21 Dense
18D300 CID 18% fines - 300 0.22 Dense
18L500 CID 18% fines - 500 0.26 Loose
18L50 CID 18% fines - 50 0.35 Loose
18L300 CID 18% fines - 300 0.27 Loose
28L1200 CID 28% fines 2.83 1200 0.36 Loose
28L100 CID 28% fines - 100 0.40 Loose
28L700 CID 28% fines - 700 0.36 Loose
28L50 CIU 28% fines - 50 0.40 Loose
28L600 CIU 28% fines - 600 0.34 Loose
28M200 CID 28% fines - 200 0.28 Mid
28D200 CID 28% fines - 200 0.33 Dense
28D700 CID 28% fines - 700 0.28 Dense
28D50 CID 28% fines - 50 0.31 Dense
40D50 CID 40% fines 2.8 50 0.35 Dense
40D100 CID 40% fines - 100 0.37 Dense
40D50 CID 40% fines - 50 0.42 Dense
40D200 CID 40% fines - 200 0.40 Dense
40M800 CIU 40% fines - 800 0.39 Mid
40L700 CID 40% fines - 700 0.40 Loose
40L50 CID 40% fines - 50 0.48 Loose
40L500 CID 40% fines - 500 0.43 Loose
60D50 CID 60% fines - 50 0.41 Dense
60D700 CID 60% fines 2.66 700 0.39 Dense
60M100 CID 60% fines - 100 0.54 Mid
60L100 CID 60% fines - 100 0.54 Loose
60L700 CID 60% fines - 700 0.49 Loose
60L50 CID 60% fines - 50 0.58 Loose
60L200 CIU 60% fines - 200 0.53 Loose
60D200 CIU 60% fines - 200 0.45 Loose
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(b) Volumetric Response
Fig. 3.1 Response of Pure Sand
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(b) Volumetric Response
Fig. 3.2 Response of 20% Silt, 80% Sand
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(b) Volumetric Response
Fig. 3.3 Response of 40% Silt, 60% Sand
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(b) Volumetric Response
Fig. 3.4 Response of 60% Silt, 40% Sand
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(b) Volumetric Response
Fig. 3.5 Response of Pure Silt
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(a) CSL in the e vs logp′ space
                      
 S 
   N 3 D 
 
   
   
   
   
    
    
 T 
  N
 3 D
 
 6 \ G Q H \  6 D Q G  H       pc     N 3 D
 6 \ G Q H \  6 D Q G  H       pc      N 3 D
 6 \ G Q H \  6 D Q G  H      pc      N 3 D
 6 \ G Q H \  6 D Q G  H       pc      N 3 D
(b) CSL in the q vs p′ space
Fig. 3.6 Critical State Response of Pure Sand
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(a) CSL in the e vs logp′ space
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(b) CSL in the q vs p′ space
Fig. 3.7 Critical State Response of 20% Silt, 80% Sand
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(b) CSL in the q vs p′ space
Fig. 3.8 Critical State Response of 40% Silt, 60% Sand
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(b) CSL in the q vs p′ space
Fig. 3.9 Critical State Response of 60% Silt, 40% Sand
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(b) CSL in the q vs p′ space
Fig. 3.10 Critical State Response of Pure Silt
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Fig. 3.11 Summary of CSL Data Points for all Silty Sands
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(b) Volumetric Response
Fig. 3.13 Response of Well Graded Material with 18% Fines Content
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(b) Volumetric Response
Fig. 3.14 Response of Well Graded Material with 28% Fines Content
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(b) Volumetric Response
Fig. 3.15 Response of Well Graded Material with 40% Fines Content
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(b) Volumetric Response
Fig. 3.16 Response of Well Graded Material with 60% Fines Content
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(a) CSL in the e vs logp′ space
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(b) CSL in the q vs p′ space
Fig. 3.17 Critical State Response of the Well Graded Material with 18% Fines
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(b) CSL in the q vs p′ space
Fig. 3.18 Critical State Response of the Well Graded Material with 28% Fines
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(b) CSL in the q vs p′ space
Fig. 3.19 Critical State Response of the Well Graded Material with 40% Fines
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(b) CSL in the q vs p′ space
Fig. 3.20 Critical State Response of the Well Graded Material with 60% Fines
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Chapter 4
Cyclic Mechanical Behaviour of the Well
Graded Materials
4.1 Introduction
This chapter focuses on the cyclic behaviour of the well graded materials when prepared at
relative densities that are relevant to the ore cargoes when they are loaded into the hold of a
bulk carrier. Initially, the effects of fines content and density on the saturated cyclic behaviour
of the well graded materials will be presented and discussed. The following sections of this
chapter will then discuss the effect of fines and density on the unsaturated cyclic behaviour
of these materials as in reality, ore cargoes are transported moist and under unsaturated
conditions.
4.2 Sample Testing Methodology
4.2.1 Sample Densities
All of the saturated samples and the majority of the unsaturated samples were prepared at the
dry densities associated with the TMLs which were taken from the intersection of the 80%
saturation line and the C or D compaction curve as shown in Figure 4.1. These compaction
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Table 4.1 Void Ratios Used in Preparation of Samples for Cyclic Testing
Fines Content Compaction Hammer eprep
18%
C 0.26
D 0.35
28%
C 0.33
D 0.40
40%
C 0.35
D 0.47
60%
C 0.45
D 0.52
curves were established through performing standard compaction tests as per AS1289.5.2.1,
except, the smaller C and D compaction hammers were used. The resulting compaction
curves are shown in Figure 4.2. The void ratios corresponding to the densities associated
with the selected TMLs for each material are summarised in Table 4.1. It is evident from
Figure 4.2, that as the fines content was increased, the compaction curves and, therefore the
densities associated with the TML for the materials, moved towards looser states. This was
consistent with the shift in the materials’ possible void ratios and CSLs towards looser states
as the fines content increases.
If it is assumed that the densities achieved during ship loading are fully represented by
a particular compaction curve then, the density associated with the TML is the highest dry
density that the materials can be loaded into the ship given the compaction curves shown
in Figures 4.1 and 4.2. However, these figures only plot data with degrees of saturation
between 50 and 80% and it is possible that at drier states, higher densities could be achieved
but these dry states are not thought to be relevant to typical shipped cargoes which have
degrees of saturation between 40 and 80% (TWG, 2013c). Therefore, testing the fully
saturated samples at densities associated with the TML resulted in saturated samples having
the highest possible dry densities and thus the highest expected resistance to liquefaction
(when saturated), that would be allowed if these materials were to be loaded onto a ship.
The majority of the unsaturated samples were also prepared at the densities associated with
the TML. However, given the shape of the compaction curves for these materials, samples
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Table 4.2 Summary of Saturated Permeabilities
Fines Content Permeability (m/s) e
18% 2.74 × 10−7 0.35
28% 3.00 × 10−8 0.40
40% 4.80 × 10−8 0.47
60% 2.78 × 10−8 0.52
that were prepared at the density associated with the TML were at denser states than the
actual densities that would result if these materials were loaded onto the ship at degrees of
saturation less than 80%. Therefore for comparison, some samples that contained 18 and
60% fines were prepared looser at densities along the C compaction curve associated with
lower degrees of saturation, which were considered to be more representative of the densities
expected to occur from ship loading. All samples were prepared at their target densities via
compaction using a method similar to that outlined in Sections 3.2 and 2.3.3.
4.2.2 Sample Permeabilities
Saturated permeability tests were also performed on the four well graded materials containing
18, 28, 40 and 60% fines. For these tests, samples were prepared at the TML densities
obtained from the D hammer compaction curves outlined in Table 4.1. The results of the
permeability tests on these materials are summarised in Table 4.2 and are consistent with the
typical range of permeabilities that can be measured in gravelly sands which contain some
fines (Craig, 2004).
The permeability of the material containing 18% fines was an order of magnitude greater
than the permeabilities of the materials containing more fines. This is expected as the
material with 18% fines was coarsest and therefore, water flowed most easily throughout the
material. There were also some inaccuracies when identifying the flow rate in the samples
containing 18% fines as due to their high permeabilities, the GDS volume and pressure
controllers struggled to maintain a constant pressure difference greater than 5kPa. When
the fines content was increased above 28%, the trend in the permeabilities of the materials
was not as clear and this was partly because of the different sample densities as the required
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densities to reach the TML decreased as the amount of fines in the materials increased. The
different compaction energies and particle structures that developed during the preparation
of the samples would have also had an effect on their permeabilities, however, no further
investigation was performed as a general trend had already been established; that the material
containing the least fines, 18% was most permeable and the materials containing higher
fine contents of 28, 40 and 60% were less permeable and also all had similar permeabilities.
Further testing at different densities was beyond the scope of this study but is required for
clearer trends to be observed.
4.2.3 Sample Consolidation Stresses and Cyclic Loading Conditions
The samples that were tested in the triaxial were brought to a stress state that was believed
to represent the stresses experienced by an element located at the bottom and in the middle
of the 15m cargo pile, inside the hold of a ship. Therefore, after the samples had been
mounted in the triaxial and were saturated, they were consolidated to the target stress state
of σ1 of 400kPa and σ3 of 200kPa. A K0 value of 0.5 was used in this study, which was the
same as the K0 value specified in TWG (2013c) and GBWG (2017). This was different
to the K0 that would result in the materials tested in this study if one dimensional normally
consolidated conditions were adopted. For many geomaterials it has been found that K0 under
one dimensional normally consolidated conditions is given by approximately Equation 4.1
K0NC = 1− sinφ ′ (4.1)
As the values of φ ′ for the well graded materials tested in this study range between 37◦ to
42 ◦, K0 under normally consolidated conditions, or K0NC , is expected to range from 0.33 to
0.39. If it is assumed that the cargo were compressed one dimensionally, Equation 4.2 gives
the stress state that would result if the samples were loaded based on different values of K0.
q/p′ =
3(1−K0)
(1+2K0)
(4.2)
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Using lower values of K0 that were based on the material’s actual friction angles, would
have resulted in the samples having a stress state which is closer to failure and therefore, by
choosing a K0 of 0.5, the samples would have had a higher expected resistance to liquefaction
than if tested at a stress state defined by their actual K0 under one dimensional normally
consolidated conditions. Furthermore, K0 conditions only approximately describe the stress
states within the cargo as in reality, non K0 conditions would develop due to the non uniform
loading methods that are used to place the cargo into the hold of the ship.
Cyclic failure was defined to occur when the single amplitude axial strain in a sample
exceeded 5% within 3000 cycles of loading. Different failure criteria including strain and
deformation based definitions were discussed earlier in Chapter 1. A single amplitude axial
strain of 5% was chosen as it was consistent with the definitions used in cyclic triaxial
tests performed by the TWG (2013c). The criteria of 3000 cycles was chosen because it
corresponded to the upper limit in the number of cycles that samples were typically subjected
to in tests performed by both the TWG (2013c) and GBWG (2017).
The saturated cyclic triaxial tests that were performed to investigate the materials’ cyclic
behaviour are summarised in Table 4.4 which is located at the end of this chapter. These
tests were named according to their fines content, whether they were prepared using a C or D
compaction hammer and finally with their tested cyclic stress ratio (CSR). For example, a
sample containing 28% fines prepared using a C compaction hammer and tested at a CSR of
0.075 would be named 28C075. In Table 4.4, eini refers to the void ratios obtained after the
samples were fully saturated which, for the loose samples, is less than their prepared void
ratios due to the collapse that occurred during the saturation stage. In Table 4.4, ecyc refers to
the void ratios after consolidation, at the start of the cyclic loading stage of the tests.
The unsaturated cyclic triaxial samples that were prepared according to the C and D com-
paction curves and were tested to investigate the materials’ cyclic behaviour are summarised
in Tables 4.5 and 4.6 respectively and these tables are located at the end of this chapter. All
the tests performed in this study were named according to their fines content, the degree of
saturation after they were anisotropically consolidated, the tested cyclic stress ratio (CSR)
and whether they were prepared at a void ratio corresponding to the TML on the C or D
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hammer compaction curves or at a void ratio that lay on the C hammer compaction curve
but not at the density associated with the TML. For example, a sample containing 18% fines
(F) that had a degree of saturation of 75% after consolidation, was prepared at the void ratio
corresponding to the TML density on the C hammer compaction curve and was tested at a
CSR of 0.45 would be called 18F75c045C where the lowercase c stands for CSR. If this test
were not prepared at a void ratio on the C compaction curve not corresponding to the TML,
it would be called 18F75c04CNotTml. In both Tables 4.5 and 4.6, DoSini and eini refer to
the samples’ prepared degrees of saturation and void ratios before they were anisotropically
consolidated and DoScyc and ecyc refer to the degrees of saturation and void ratios after the
samples were consolidated.
4.3 Cyclic Mechanical Response of Saturated Samples
4.3.1 Effect of Density
A typical stress path in the q vs p′ space for a saturated sample which was anisotropically
consolidated, cyclically loaded and subsequently monotonically loaded, is shown in Fig-
ure 4.3. Initially, samples were consolidated isotropically up to 200kPa and then 400kPa
vertical stress was applied while the cell pressures were held constant at 200kPa resulting in a
stress state of p′ and q of 266kPa and 200kPa respectively as can be seen in Figure 4.3. Then,
samples were loaded cyclically, under undrained conditions and the pore water pressure build
up resulted in a decrease in p′ which caused the sample’s stress path to progressively move
towards the CSL with each loading cycle. The amplitude of the variation in q depended
on the applied CSR. The rate of build up in the pore water pressures also depended on the
applied CSR and the sample’s density and fines content as will be discussed in more detail in
a later section. The sample shown in Figure 4.3 (test 40C037) did not fail by either cyclic
mobility or cyclic liquefaction as this sample was prepared relatively dense and loaded at
a low CSR. As a result, the stress path of this sample did not quite reach the CSL in the
q vs p′ space within 3000 cycles of loading. However, the stress paths of other saturated
samples which failed via cyclic mobility or cyclic liquefaction were observed to reach the
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CSL within 3000 cycles of loading. Once the cyclic loading stage was completed, samples
were monotonically loaded to high axial strains greater than 15% to establish the position of
the materials’ CSL.
Each materials’ resistance to liquefaction depended on its density as the saturated samples
which started the cyclic loading stage at a denser state resisted more cycles when loaded
at similar CSRs to samples which were tested at a looser state. For example, test 60C25,
which was prepared at a density associated with the C compaction curve, resisted 72 cycles
while test 60D25, which was prepared looser on the D compaction curve, resisted only 47
cycles. This trend was also observed in a number of other test pairs including 18C27, 28C25,
28C097, 28C042, 40C036, 40C076, 60C14, 60C063, 60C05 and their comparable tests
18D21, 28D23, 28D11, 28D039, 40C037, 40D076, 60D13, 60D087, 60D037 respectively.
Due to difficulties with keeping the frequency of loading and the maximum and minimum
axial loads (or the amplitude of the CSR, qcyc) on the sample constant during the cyclic
loading stage, there was some variation in the averaged CSRs for each sample, even though
they were loaded to the same target CSR.
The saturated samples containing 28% fines and above collapsed and compressed during
the saturation and consolidation stages by increasing amounts as the fines content increased.
Samples which reached a higher density resisted more cycles before failing, for example, test
40D16 reached a void ratio of 0.31 and resisted 225 cycles while test 40D14 which had a
lower density and therefore, a higher void ratio of 0.40 only resisted 63 cycles and this trend
was observed in test pairs 60D25, 60D21 and 60D19, 60D13. Some samples containing 40%
fines collapsed and compressed to a density similar to the samples containing 28% fines after
the consolidation stage was completed. Samples with a higher fines content that collapsed
and compressed to the same density as samples containing a lower fines content, were more
resistant to cyclic liquefaction as is evident in test pairs of similar density 28C25 and 40C27,
28D14 and 40D16, 28C067 and 40C076, where samples containing 40% fines resisted more
cycles.
The amount of residual strength in a sample during the post cyclic monotonic loading
stage, and thus the direction of its stress path, depended on the location of the sample’s
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effective stress and void ratio relative to the CSL in the e vs logp′ space. As expected, the
stress path of a sample would move up the CSL in the q vs p′ space if the void ratio of the
sample before monotonic shearing were below the CSL in the e vs logp′ space and down
the CSL in the q vs p′ space if above the CSL in the e vs logp′ space. For example, this can
be observed in the paths of tests 60C25 and 60D21 in Figure 4.4. Test 60C25, which was
prepared denser and consolidated to a void ratio lying below the CSL, increased to a p′ of
330kPa and therefore, moved up the CSL in the q vs p′ space. However, test 60D21, a looser
test that consolidated to a void ratio lying above the CSL, decreased in p′ to 198kPa at the
critical state and did not move as far up the CSL in the q vs p′ space. The variation in qcyc in
Figures 4.4a and 4.4b was due to the difficulties in controlling the load magnitude during the
cyclic loading phase.
As discussed earlier in Chapter 3, the materials containing 28, 40 and 60% fines displayed
transitional soil behaviour as these saturated samples failed on two distinct "dense" and
"loose" CSLs. When these materials were tested cyclically at the intermediate densities
relevant to the relative densities expected if these materials were loaded into the bulk carrier,
they approached the "dense" rather than the "loose" CSL when sheared monotonically to
failure. This suggests that the selection of the "dense" rather than the "loose" CSL is valid
for these materials under the required conditions.
4.3.2 Effect of Fines
Figures 4.5a and b compare the cyclic strengths between the materials containing different
fines contents. It is evident that samples containing the least amount of fines, 18%, which
were also prepared densest of all the gradings tested, were as expected, most resistant
to liquefaction as they withstood the most number of cycles for any of the tested CSRs.
However, as the fines content was increased and the density decreased, it was not as clear
which material was the next most resistant to liquefaction. This can be seen from the scatter
of data points and overlap of curves in Figures 4.5a and b for the materials containing fines
contents of 28% and above and this is because both density and fines content were varied in
the samples.
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As previously discussed, the CSLs of the materials shifted up as the fines content was
increased, and the higher fines content also resulted in a decrease in the preparation densities
of the samples. While a decrease in the preparation densities alone is expected to cause
a decrease in the cyclic resistance of the material, samples with more fines also tended to
collapse during the preparation and consolidation stage. The samples with 40% fines that
collapsed to similar void ratios as samples with 28% fines during the consolidation stage,
resisted more cycles. This is consistent with critical state theory as if samples containing 40%
fines collapsed to the same void ratio as a sample containing 28% fines, samples with 40%
fines would need to travel further to reach failure on the CSL because of the upward shift of
the CSL in the e vs logp′ space as the fines content is increased. Therefore, an increase in
fines content resulted in an increase of cyclic strength for samples that were tested at similar
densities.
4.3.3 Effect of the State Parameter
More general behavioural trends for all the tested materials could be observed through the
use of the saturated samples’ state parameter, ψ which can be used to capture the location of
the samples’ void ratio and thus density relative to its CSL in the e vs logp′ space before the
samples were subject to undrained cyclic loading. Figure 4.6 shows the number of cycles to
failure versus the state parameter for all samples tested at different CSRs. Data points that
are shaded in grey represent tests performed at a very low CSR of 0.05 and as a result, these
tests did not fail within 3000 cycles. If these tests points are ignored, the data points of the
remaining tests can be divided into two regions. Region 1 contains the data points of tests
that failed due to cyclic liquefaction as these tests experienced a rapid build up of pore water
pressures resulting in a sudden increase in axial strain and decrease in strength. Region 2
contains samples which failed due to cyclic mobility and thus, experienced a continual build
up in axial strain which was not necessarily accompanied by a sudden decrease in effective
stress. A lower bound line in red has also been included to indicate a maximum number of
cycles that can be imposed on the saturated samples without resulting in cyclic failure for a
given ψ .
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Figure 4.6 does not capture the effect of the different CSRs on samples’ cyclic responses
and as a result, there would be another region in Figure 4.6 where if samples were loaded
at very low CSRs, less than 0.05, irrespective of the samples’ state parameter, no failure
would be expected to occur, however, this was not investigated in this study. Furthermore, the
trend in Figure 4.6 suggests that for all samples that failed within 3000 cycles, the number
of cycles that a sample would withstand decreases as the void ratio increases from states
below the CSL, where ψ is negative, to states above the CSL where ψ is positive. Although
a general downwards trend of reducing Ncyc with increasing ψ can be observed in Figure 4.6,
the samples that withstood 3000 cycles at very low CSRs of at least 0.05, were still observed
to have developed significant axial strains which could have met the condition of failure with
further cycling. However, if these samples were tested to a larger number of cycles, this
would cause their points to be shifted upward. These shifted points would not be consistent
with the downwards trend in the number of cycles as the state parameter increases. Therefore,
although ψ has been used describe the soil’s behaviour, it is not a useful predicator of failure
in cyclic loading. This limitation of using the state parameter occurs because the definition
of cyclic failure is not always consistent with the definition of failure in the critical state soil
mechanics framework from which the state parameter is derived. If a sample fails due to
cyclic liquefaction, it will tend to fail on the CSL at low stresses, however, a sample failing
via cyclic mobility may fail due to a build-up of strain and not necessarily fail at its critical
state. As a result, there is no clear relationship between a samples’ state parameter and the
number of cycles resisted when a sample is subject to very low CSRs and fails due to cyclic
mobility solely as a result of a build-up in strain.
While there is little data available on the cyclic behaviour of well graded materials that
have a large range of particle sizes and vary in fines content, the behaviour of the materials
tested in this study is consistent with existing cyclic test data on 13 different sands from
various sources in the literature, collected and presented by Jefferies and Been (2015).
Jefferies and Been (2015) observed an underlying behavioural trend when plotting the cyclic
resistance ratio for 15 cycles (CRR15) as defined in Equation 1.7. However, CSR1000 could
be more accurately interpolated within the range of CSR values used in this study from
114
4.3 Cyclic Mechanical Response of Saturated Samples
Figures 4.5a and 4.5a. Therefore, if instead of CSR15, CSR1000 was used to normalise the
data according to Equation 4.3. CRR is traditionally used to define the cyclic resistance ratio
in seismic liquefaction studies, therefore, a different term SLCRR1000, or ship liquefaction
cyclic resistance ratio for 1000 cycles, will be used to define the cyclic resistance ratio in this
study.
SLCRR1000 =
CSR
CSR1000
(4.3)
The data in this study can be observed to lie in a relatively narrow band similar to the
trend observed by Jefferies and Been (2015) regardless of the amount of fines, range of
different prepared densities and resulting state parameters as shown in Figure 4.7 where the
normalised data from Jefferies and Been (2015) was also plotted relative to the secondary
axis, CRR15, for comparison. A direct comparison could not be made between the data sets
presented in Jefferies and Been (2015) as the majority of the data presented in Jefferies and
Been (2015) did not extend to 1000 cycles and therefore, their data could not be normalised
by CSR1000 instead of CSR15. To find the cyclic resistance ratios relating to 1000 loading
cycles (SLCRR1000) for the samples tested in this study, initially CSR1000 was determined
for all the materials cyclic test data. Trend lines, shown in Figures 4.22 and 4.23 were
drawn through the data points and these trend lines for all the saturated samples were defined
according to Equation 4.4.
CSR = α log(Ncyc)+β (4.4)
where α and β are fitting constants and Ncyc was the number of cycles to failure. CSR1000
was then defined as when Ncyc was 1000. Linear trend lines were chosen as they were the
simplest fit given the small number of data points and scatter in some of the data sets for the
various materials and tested degrees of saturation. There was slightly more scatter present
in the saturated data collected from this study than in the data sets presented by Jefferies
and Been (2015) and this is believed to be a result of the static bias from the anisotropic
conditions imposed on the samples. There are many trends in literature that also show how
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Kσ varies with soil conditions and this has led to a wide range of recommendations that
Jefferies and Been (2015) state are "based on opinion" rather than soil mechanics. However,
clear relationships between Kσ and the slope of the CSL have been presented and discussed
in Jefferies and Been (2015), which suggest that Kσ corrections are not required, if the
cyclic data sets of samples with different consolidation stresses are analysed with respect
to ψ as the CSL is already soil property that determines how ψ varies with stress level for
a constant density. The scatter could also be a result of preparing the samples in this study
by compaction, which can lead to inhomogeneity in the samples. Some of the samples that
were prepared looser also collapsed during the saturation stage and this could have also led
to slightly different particle arrangements in the dense and loose specimens, which may lead
to a difference in their cyclic responses. It also appears that the trend observed in Been and
Jefferies’ data overestimates the cyclic resistance of tests in this study performed at low CSRs
subjected to large numbers of cycles. The samples that resisted 3000 cycles in Figure 4.7
did not reach failure as indicated by the arrow pointing towards higher numbers of cycles.
It is believed that there is a limiting lower bound CSR at which no failure would occur and
the straight line that has been drawn through the cyclic data should curve and approach this
CSR value as the number of loading cycles increased. However, this lower bound CSR has
not been identified in this study. The data presented by Jefferies and Been (2015) described
the behaviour of saturated samples when tested under seismic loading conditions and as a
result, those samples were loaded to fewer numbers of cycles than the samples that were
tested in this study. This is partly why the trend observed in Been and Jefferies’ data appears
to overestimate the number of cycles to failure, if extended to a higher number of cycles.
Fatigue theory provides an alternative method which has been used to successfully model
the soil’s behaviour in offshore clay foundations when subject to progressive weakening,
cumulative generation of pore pressures and permanent strains typical in high cyclic loading
events such as storms (Van Eekelen, 1977; Van Eekelen and Potts, 1978). These models
could be used in future to capture the cyclic resistance of the tests in this study that resisted
a large number of cycles when loaded at low CSRs compared to the behavioural trend in
the cyclic data presented by (Jefferies and Been, 2015). The behavioural trend of these
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materials was found to be consistent with data from other liquefaction studies which used
the Critical State Soil Mechanics perspective to investigate the cyclic behaviour of different
sands. Therefore, conventional Critical State Soil Mechanics theory, which has been accepted
as a framework to describe the saturated cyclic liquefaction behaviour of sands and silty
sands, also applies to well graded materials that contain a much larger range of particle
sizes and have been subjected to a significantly larger number of cyclic loads relevant to
shipping transportation. These well graded materials are similar in grading to iron ore fines
and potentially other ship cargoes which are prone to liquefaction during transportation.
All tests considered in this section have been fully saturated, however, in reality, cargoes
are transported in an unsaturated state and the next sections will compare and discuss
the cyclic liquefaction behaviour of the unsaturated and saturated samples including the
differences in their pore pressure and mechanical responses.
4.4 Cyclic Pore Pressure Response
Typical pore water pressure responses observed throughout the consolidation, cyclic loading
and monotonic loading stages of tests performed on saturated samples with respect to axial
strains are shown in Figure 4.8. As expected in the saturated samples which did fail within
3000 cycles, the pore water pressures initially did not increase during the consolidation phase,
even though there was a noticeable increase in axial strain. In particular, saturated samples
that were prepared relatively loose and also had a high fines content, including the sample
containing 60% fines shown in Figure 4.8, compressed significantly during the consolidation
stage and the pore water pressure response curve remained flat up to approximately 1% axial
strain. This was not observed in samples which had a lower fines content and were also
prepared denser. Initially, at small axial strains during the undrained cyclic loading stage,
the pore water pressures increased rapidly and reached a maximum value which depended
on the sample’s fines content, CSR, density and the horizontal distance in the q vs p′ space
from the sample’s initial p′ and q state to the saturated CSL. Given that all samples were
consolidated to the same anisotropic stress state, samples containing less fines could build up
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larger pore water pressures before failing on the CSL compared to the samples containing
more fines, for samples loaded at a similar CSR and prepared at similar degrees of saturation
and densities, as samples with less fines had larger critical state friction values compared to
samples containing more fines. The oscillation in the pore water pressures typically matched
the cyclic loading pattern that the samples experienced. The accumulation of pore water
pressures with each loading cycle was also related to the rate of build up in axial strains
which was dependent on the sample’s fines content and density. Typically, samples which
were more dense, including the sample containing 18% fines in Figure 4.8, increased in axial
strains more gradually and as a result, the variation in the sample’s pore water pressures
was relatively constant with each loading cycle. Looser samples containing higher fines
contents, including the sample containing 60% fines in Figure 4.8 softened towards the end
of the cyclic loading stage and also experienced a rapid build up in axial strains and this was
accompanied with larger variations in pore water pressures with each loading cycle as can be
seen in the sample’s pore water pressure response. The effects of density and fines content
will be discussed in more detail in a later section.
During the post cyclic monotonic loading stage, the pore water pressures equilibrated to
a final pore water pressure which depended on whether the saturated samples experienced an
increase or decrease in effective stress to reach the CSL. This depended on the sample’s state
parameter as samples with a negative state parameter, and therefore, at a state located below
the CSL in the e vs logp′ space, experienced an increase in effective stress whereas looser
samples with a positive state parameter experienced a decrease in effective stress before
reaching the CSL at failure. The sample containing 18% fines in Figure 4.8 had a negative
state parameter and when monotonically loaded, it experienced an increase in effective stress
to reach the CSL which is the reason why there was a relatively large decrease in the pore
water pressure in the monotonic loading stage. The sample containing 60% fines had a
positive state parameter and its state in the e vs logp′ space after the cyclic loading stage was
also relatively close to the CSL. This is the reason why the final pore water pressure was
more similar to the pore water pressures measured at the end of the cyclic loading phase.
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All of the unsaturated samples tested under cyclic loading conditions in this study failed
due to cyclic mobility and failure due to cyclic liquefaction was not observed in any test.
Therefore, the trend in the saturated cyclic data, as shown in Figure 4.6, which linked
the state parameter to whether samples that failed within 3000 cycles, failed due to cyclic
liquefaction or cyclic mobility, could not be used to describe the general cyclic response for
the unsaturated samples. It is also difficult to define the state parameter for the unsaturated
samples as the position of the CSL in the e vs logp′ space shifts based on the sample’s degree
of saturation and this shift in the CSLs with respect to degree of saturation has not been
investigated in this study. Some differences in the cyclic behaviour of the saturated and
unsaturated samples that failed by cyclic mobility were observed because of the air present in
the unsaturated samples, which made them significantly more compressible during the first
few cycles of loading. Figure 4.9 shows a typical stress-strain response of an unsaturated
sample during the early stages of cyclic loading. Initially, the axial strains that accumulated
with each loading cycle were larger in the unsaturated samples than in the saturated samples
when loaded at the same CSR. However, as cycling continued and as the samples compressed,
larger axial strains accumulated with each load cycle in the saturated samples compared to
the unsaturated samples.
In the unsaturated samples, both the pore water and air pressures were monitored and
observed to increase at similar rates during the cyclic loading stage which is consistent
with the typical pore pressure responses observed in unsaturated samples in other cyclic
liquefaction studies (Kimoto et al., 2011; Unno et al., 2006, 2008; Wang et al., 2016, 2015).
The majority of samples in those studies and also in this study, consisted of materials that
were relatively permeable and had low air entry values and therefore, developed low suctions
during the cyclic loading stages of the test when tested at relatively high degrees of saturation
above 60%.
The typical pore pressure responses with respect to axial strains for each material when
tested at lower degrees of saturation are shown in Figure 4.10 and the corresponding air
pressures for each sample have been labelled in the legend to match the sample’s degree
of saturation achieved after the consolidation stage had been completed. As can be seen
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by the similar shapes in the typical pore water and air pressure response curves for each of
the samples in Figure 4.10, the unsaturated samples’ pore water and air pressure responses
tended to be very similar and there was a relatively small difference in pressure between
them. The pore water and air pressures built up during the cyclic loading stage in the
unsaturated samples because samples compressed and also increased in saturation during
this stage. The rate of increase and total increase in the sample’s pore pressures depended
on a combination of the sample’s CSR, degree of saturation, density and fines content. For
example, even though sample 18F89c037C was denser and loaded at a lower CSR than
sample 18F66c041CNotTml, it was tested at a significantly higher degree of saturation and
therefore, experienced a larger and more rapid build up in pore water (and air) pressures
during the cyclic loading stage. This was also true for the test pairs 40F90c014C, 40F74c020D
and 60F87c031C, 60F72c020CNotTml as shown in Figures 4.10c and 4.10d respectively.
However, test 28F62c032D experienced a slightly larger build up in pore water pressures
(approximately 10kPa) than test 28F81c024C in Figure 4.10b, even though test 28F62c032D
was tested at lower degree of saturation and this is because test 28F62c032D was loaded at a
significantly higher CSR than test 28F81c024C compared to the other test pairs.
It is also evident from Figure 4.10 that the pore water pressure responses for the unsatu-
rated samples were different to the pore water pressure responses observed in the saturated
samples. Small increases in the pore water and air pressures resulted from preventing the
drainage of air during the consolidation stage of the unsaturated samples. During the cyclic
loading stage, the pore water pressures also built up more gradually in the unsaturated
samples than in the fully saturated samples. Typically, there was also a lag in the build-up of
pore pressures. It is believed that this lag was due to the high compressibility of air in the
first few cycles of loading as can be seen by the initial flat section of the pore water pressure
responses curves in tests 28F62c032D and 60F87c031C. These tests were also loaded at
higher CSRs and compressed more quickly during the first few cycles. This lag was not so
apparent in the pore air pressure responses curves because the air phase within the sample
experienced the increase in pressure as it compressed during the cyclic loading phase. The
maximum pore water pressures reached in the unsaturated tests were less than the pressures
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measured in the saturated tests. For example, the maximum pore water pressure that was
reached in the saturated test 18C27 (shown in Figure 4.10) was higher than the maximum
pore water pressures that were measured in tests 18F89c037C and 18F66c041CNotTml
(shown in Figure 4.10a), even though test 18F89c037C was looser and was loaded at a higher
CSR. Similarly, test 60D21 in Figure 4.10 reached a higher maximum pore water pressure
than both tests 60F87c031C and 60F72c020CNotTml, shown in Figure 4.10d.
The effective stress paths can be estimated from Equation 4.5 with χ equal to degree of
saturation. The unsaturated samples experienced lower pore water pressures partly because
they tended to fail by cyclic mobility and therefore, their stress paths in the q vs p′ space
did not reach the CSL as can be seen in Figure 4.11, which compares the stress paths of
three samples which were tested at similar void ratios and CSRs but at different degrees of
saturation. It is also evident in Figure 4.11 that the values for p′ (and therefore, q) achieved
during the consolidation stage for each of the tests, were different because of the definition
of effective stress that was used in this study as shown in Equation 1.9 and has been repeated
in Equation 4.5 for clarity in terms of p′.
p′ = p−ua +χ(ua−uw) (4.5)
Effective stress, p′, depends on the value of χ which has been defined as equal to the
degree of saturation in this study. Therefore, as the degree of saturation decreases, the
value for p′ also decreases, and this can also be seen by the shift in the stress paths towards
the right as the degree of saturation is increased in Figure 4.11. The pore water and air
pressures during the post cyclic, monotonic loading stage also approached an equilibrium
value which is believed to depend on the sample’s state relative to the CSL and the time
monotonically shearing the sample. Some samples appeared to reach equilibrium pore
water and air pressures sooner, at low values of axial strain while others appear to have not
reached equilibrium at the end of the test but instead are continuously decreasing towards an
equilibrium value.
The pore air and water pressure readings taken from the top and bottom of the sample
respectively were not always reliable during the cyclic loading stage as there was a delay
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in the pore water pressure measurements of the sample which were taken through the low
permeability high air entry ceramic disk and water from the sample occasionally flowed
through the coarse porous disk into the top line, affecting the pore air pressure readings.
Some fines were also observed to have also migrated into the porous disk, especially in
the samples containing higher fines contents of 40 and 60%, blocking the movement of
air through the porous disk, and this also caused errors in the pore air pressure readings.
Figure 4.12 shows typical pore air and water response curves when the air pressures became
unreliable. It was clear when blockages occurred in the air line as either jumps were observed
in the pore air pressure response curves or the air pressures remained constant, at very low
values during the cyclic loading stage as can be seen in Figure 4.12. Blockages were more
common in samples prepared at a high degree of saturation or in samples containing more
fines.
Even though blockages sometimes affected the pore air pressure readings, general trends
can still be observed in the pore air and water pressure responses of the materials. When
samples were tested at low degrees of saturation, the pore air pressures were generally greater
than the pore water pressures as shown in Figure 4.10 in samples 18F66c041CNotTml,
28F62c032D, 40F74c020D and 60F72c021CNotTml. This is because the air phase within
the samples was more likely to be continuous and as a result, the pore pressure responses were
controlled by the build up in pore air pressures within these samples. In the samples prepared
at higher degrees of saturation, where it was evident that no blockages had developed in the
air line as shown in Figure 4.10, the pore water pressures were measured to be slightly higher
than the air pressures, resulting in small negative suctions during the cyclic loading stage
(tests 18F89c037C, 28F81c024C, 40F90c014C and 60F87c031C). This is because in samples
with higher degrees of saturation, typically above 80 to 95%, the overall pore pressure
response was controlled by the water pressures as the air phase within the sample became
discontinuous. Negative suctions have also been measured in other studies investigating the
unsaturated cyclic loading behaviour ofunsaturated samples with degrees of saturation of
60% and above (Unno et al., 2006, 2008; Uzuoka et al., 2014).
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Incorrect pore water and air pressure readings affected the calculation of p′ within the
sample and tests were discounted if it was clear that blockages had caused incorrect readings
in the pore air pressures occurred within the samples. However, in the majority of the samples,
blockages in the air line were not detected and any errors in p′ appeared to be small once
samples had reached large strains at the end of the test. While there was some scatter in
the critical state data in the q vs p′ space shown in Figures 4.13 for each material, the end
points tended to be consistent with the M lines, which do not vary with suction (Fredlund
and Rahardjo, 1993). These M lines were initially established through performing saturated
monotonic and cyclic tests described earlier. However, the CSL in the e vs logp′ space shifts
depending on the suction. Figures 4.14 show the critical state points in the e vs logp′ space
for the unsaturated tests, relative to the CSL obtained from the saturated tests performed on
all the materials. There is scatter in the unsaturated samples’ critical state points around the
saturated CSL, and more tests on samples with different densities, degrees of saturation and
stresses, are required to identify the shift of the CSLs in e vs logp′ space due to changes in
suction within the materials.
While the pore pressure responses are part of describing the sample’s cyclic behaviour,
the main aim of the cyclic triaxial testing performed on the samples containing different fine
contents was to investigate the effect of fines on the materials’ mechanical cyclic response
when prepared at different degrees of saturation, at two specific densities which are similar
to the relative densities that would occur if these materials were loaded into the hold of
a ship. Therefore, this study did not directly investigate the independent effects of the
fines content, degree of saturation, density and CSR on the samples’ pore water pressure
responses. However, some tests can be used to investigate the effects of CSR, density, degree
of saturation and fines on the pore pressure responses of samples as will be discussed in the
next sections. For clarity, only the pore water pressure responses have been plotted as the
pore water and air pressure responses were relatively similar, and also because the measured
pore water pressures were generally more reliable than the pore air pressures readings.
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4.4.1 Effect of CSR
Figure 4.15 compares the effect of CSR on the pore water pressure responses measured in
comparable fully saturated samples, which had the same fines content and approximately the
same densities. Both the pore water pressure responses curves with respect to axial strain
and the number or loading cycles have been shown in Figure 4.15. It is evident that samples
which did not fail and therefore did not compress to reach 5% axial strain (tests 18D046,
28D039 and 40C036), experienced a smaller and less rapid build up in pore water pressures
compared to the other samples that compressed more, reached 5% axial strain and failed via
cyclic liquefaction (tests 18D018, 18D086, 28D23, 28D14, 28D13, 40C15, 40C13, 60D21)
or via cyclic mobility (tests 40D11 and 60D087). The build up in pore water pressures within
the samples that did not reach 5% axial strain was also less per loading cycle. An increase
in the CSR also resulted in higher measured pore water pressures and more variation in the
pore water pressures during one load cycle, especially in the samples which were loaded at
the highest CSRs. The variation in pore water pressures also increased with each progressive
load cycle in the samples that failed due to cyclic liquefaction, especially towards the end of
the cyclic loading stage where samples experienced a rapid increase in axial strain per load
cycle as the sample was approaching failure on the CSL in the q vs p′ space.
The unsaturated samples were loaded at higher CSRs than the saturated samples as higher
CSRs were required to reach failure in the samples that were prepared at lower degrees of
saturation. Figure 4.16 compares the typical changes in pore water pressures during the
cyclic loading stage with respect to axial strain and the number of loading cycles. In the
saturated samples, it was observed that the build up in pore water pressures was larger in
samples that compressed more when loaded at higher CSRs. However, this trend was not
always observed in the unsaturated samples as the build up in axial strains did not always
coincide with an increase in the pore water pressures. This is because the unsaturated samples
were significantly more compressible during the first few loading cycles and initially, there
was a lag in the build up of pore water pressures with respect to an increase in axial strains
for some of the unsaturated samples that were loaded at high CSRs. This is because the
air present in the samples compressed during the initial part of the cyclic loading stage and
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this compression of air did not initially cause an increase in pore water pressures during
the initial part of the cyclic loading stage. This is evident from the shape of the pore water
pressure response curves with respect to axial strain for tests 18F57c058C, 18F58c076C,
40F61c037C that were loaded at higher CSRs. The pore water pressure response curve
initially started flat and then gradually increased with increasing axial strain. The rate
of the increase in pore water pressures with respect to axial strain was also less in tests
18F57c084C and 60F68c031D than in tests 18F58c076C and 60F68c020 respectively even
though tests 18F57c084C and 60F68c031D were loaded at higher CSRs and resisted fewer
cycles. However, this is a result of the samples in tests 18F57c084C and 60F68c031D
experiencing a rapid build up in axial strains as well as large increases in pore water pressure
per cycle compared to their comparative test pairs which resulted in these tests resisting fewer
cycles and experiencing smaller increases in total pore water pressures during the cyclic
testing stage.
The lag in the build up of pore water pressures can also occur if samples are loaded
at very high CSRs, which can cause their stress path to initially cross the M line in the q
vs p′ space during the first few cycles of loading. If this occurs, there will be a tendency
for the pore water pressures to remain small until larger axial strains and then higher pore
water pressures develop. This is a result of the different distances between the maximum
point of the cyclic stress path and the M line in the q vs p′ space when samples are loaded
at different CSRs. At higher CSRs, there is less distance between the maximum point on
the sample’s cyclic loading curve and the failure line, and therefore less build up in pore
pressure is required before failure is reached compared to when samples are loaded at lower
CSRs. This was particularly noticeable in the unsaturated samples which were loaded at
significantly higher CSRs than in the saturated samples.
4.4.2 Effect of Degree of Saturation
The effect of saturation on the pore pressure response with respect to axial strain and the
number of loading cycles where CSR, density and the fines content were kept constant,
could only be compared between a few tests as shown in Figure 4.17. There is a significant
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difference in the pore water pressure responses of the saturated samples and the unsaturated
samples as even though test 28F87c014D had a relatively high degree of saturation of 87%,
the shape of the pore water pressure response curve with respect to axial strains was very
different to the saturated sample (test 28D14). This is also believed to be a result of the air
present in the unsaturated samples which caused the samples to compress significantly during
the first few loading cycles and this sudden compression was not accompanied by an increase
in pore water pressures. This lag in the build up of the pore water pressures with respect
to axial strains was more noticeable in sample 28F66c015D which contained more air than
sample 28F87c014D and had a relatively low degree of saturation of 66%. Higher maximum
pore water pressures also resulted in the samples that were prepared at higher degrees of
saturation and there was also a larger variation in the pore water pressures per cycle in
samples with higher degrees of saturation. All the saturated samples included in Figure 4.17
also failed at a low number of cycles due to cyclic liquefaction as these samples were loose
and loaded at relatively high CSRs compared to other saturated samples. However, when the
unsaturated samples were loaded to the same CSRs, they failed via cyclic mobility which
is also partly why the pore water pressure responses are also so different to the saturated
samples.
4.4.3 Effect of Density and Fines
Figure 4.18 compares the pore water pressure responses in samples with varying densities. It
is evident from Figure 4.18 that looser samples developed higher pore water pressures within
fewer numbers of cycles. It is expected that there would be more variation in the pore water
pressures with each load cycle in looser samples and this was observed between test pairs
18F57c076D and 18F57c076D and 60F72c021CNotTml and 60F73c020D, but not in test
pairs 28C097 and 28D11. This is because the target axial loads were not maintained in test
28D11 due to difficulties in controlling the load frame, especially as this was a relatively
loose sample that failed due to cyclic liquefaction and lost strength rapidly as the sample’s
stress path approached the CSL in the q vs p′ space. It is believed that if the axial loads had
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been maintained, there would have been more variation in the pore water pressures with each
load cycle towards the end of the cyclic loading stage of this test.
The actual densities that result in the material from the loading process is also dependent
on the material’s fines content. Therefore, Figures 4.19 show the combined effects of density
and fines on the pore water pressure responses between samples when they were prepared
at the densities associated with the TML, and were tested cyclically at similar degrees of
saturation and with approximately the same CSRs. It can be observed that the build up of pore
water pressures was smallest in samples containing the least amount of fines, 18% and these
samples were also prepared most dense. It was also observed in Figure 4.19f that sample
18F89c037D experienced a larger build up in pore water pressures than sample 28F90c039C
with respect to axial strains. This was because the lag in the build up of pore water pressures
with respect to increases in axial strains was greater in unsaturated samples which were
more compressible. Sample 18F89c037D contained less fines, was therefore prepared at a
lower void ratio than sample 28F90c039C and as a result, was not as compressible as sample
28F90c039C.
Unfortunately, there were no other unsaturated test pairs where the density and fines
content were varied while the degree of saturation and CSRs were kept constant. However,
from looking at the pore water pressure responses of the saturated samples in Figures 4.19b
to Figures 4.19c , as the fines content was increased above 18%, the samples which contained
60% fines experienced the next least build up in pore water pressures even though they had
the highest fines content and were also prepared loosest. The trend between the materials
when tested under saturated conditions also showed that the build up in pore water pressures
increased as the fines content was decreased to 40 and then 28% as these samples experienced
higher pore water pressures. This suggests that at higher fines contents above 18% and at
these particular relative densities associated with the TML, an increase in the fines content
causes a decrease in the build up of pore water pressures within the samples.
Only one test pair, shown in Figure 4.20 could be found where the fines content varied
while the density, degree of saturation and CSRs were constant. The opposite trend was
observed to the trend observed between tests in Figures 4.19b to Figures 4.19c. If the fines
127
Cyclic Mechanical Behaviour of the Well Graded Materials
content was increased from 28 to 40% fines, while the density, degree of saturation and
CSR were constant, the increase in fines content resulted in a larger build up in pore water
pressures. Similar densities were achieved in these samples because the sample containing
40% fines was prepared through using the larger and heavier C compaction hammer and
the sample happened to compress during the consolidation stage to a similar void ratio
as the sample containing 28% fines which was prepared using the D compaction hammer.
Therefore, the higher pore water pressures measured in the sample containing 40% fines are
believed to be partly because of the different compactive energies and associated structure
required to achieve similar densities in the materials. Furthermore, achieving similar densities
between the materials containing different fine contents also meant that these samples had
very different relative densities.
The state parameter is another measure of the sample’s relative density and Figures 4.21
show the effect of fines and density on the pore pressure responses between different materials
with similar state parameters. All of the samples shown in Figures 4.21 were fully saturated
as the state parameter could not be accurately calculated for the unsaturated samples as the
position of the CSL has been found to be dependent on a sample’s degree of saturation.
Suction hardening also causes a shift of the CSL (Loret and Khalili, 2002; Russell and
Khalili, 2006) and this also further complicates the quantification of the state parameter.
Further investigation is required to determine the effects of degree of saturation and suction
hardening on the location of the materials’ CSL. There was still some variation between the
fully saturated samples’ state parameters and it can be observed that samples with slightly
smaller state parameters (tests 28D14 and 40C042), which were relatively more dense than
their comparative looser samples (tests 40C14 and 60C16), experienced smaller increases in
pore water pressures with each loading cycle. Otherwise, the saturated samples with similar
state parameters also appeared to follow the same trend as discussed previously when both
the density and fines were varied, as samples containing 60% fines had the lowest build up in
pore water pressures, followed by samples containing 40 and then 28% fines. However, only
2 test pairs with similar state parameters and varying fines contents were identified within the
data set. More testing that is beyond the scope of this study is required to investigate if the
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effects of density, fines content, state parameters and the compactive efforts used in preparing
the sample, have an effect on the cyclic pore water pressure responses of these materials.
4.5 Cyclic Mechanical Response
The cyclic resistances for each material prepared at densities according to the C compaction
curve at different degrees of saturation are summarised in Figures 4.22a, b, c and d. The data
points which are filled in black in Figures 4.22a, and 4.22d represent the samples which
were not prepared at the TML densities on the C compaction curve. Figures 4.23a, b, c and d,
summarise the cyclic resistance for each material when prepared at the TML according to
the D compaction curve. Samples that clearly would have resisted more than 3000 cycles
when loaded at low CSRs were omitted from Figures 4.22 and 4.23. Samples for a particular
material, that also had similar degrees of saturation after they had compressed during the
consolidation stage are represented by data points with the same shape. Trend lines according
to Equation 4.4, shown in Figures 4.22 and 4.23 were drawn through the data points of
samples with similar degrees of saturation.
To compare the cyclic resistance between all materials when tested at different degrees
of saturation, values of CSR1000 were determined for the samples. The CSR1000 values
were obtained for all the samples by using the fitting lines drawn through the data points
of samples with similar degrees of saturation. The CSR1000 values for all the samples were
used to compare their cyclic strengths and the relationships between CSR1000 and the average
degree of saturation for samples that were included in each trend line are summarised in
Figures 4.24a and b for all of the materials. The values of CSR1000 for samples containing 18
and 60% fines which were prepared looser than the densities associated with the TML along
the C compaction curve, were determined separately to the samples which were prepared
at densities corresponding to the TML. The CSR1000 values for the samples prepared looser
were based off the trend lines that pass through the data points which have been filled in
black in Figure 4.24a and d.
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4.5.1 Effect of Degree of Saturation
It is evident from Figures 4.22 and 4.23 that the resistance of each material increased as the
degree of saturation decreased as samples that were prepared at the densities corresponding
to the TMLs at lower degrees of saturation generally resisted more cycles at higher CSRs.
Some of the scatter present in the data was a result of the variation in the void ratios of the
samples after they had been anisotropically consolidated which is why all the data points
in Figures 4.22 and 4.23 have been labelled with the samples’ degrees of saturation and
void ratios that resulted after consolidation stage. These slight changes in void ratios and
degrees of saturation made it difficult to separate whether small increases in the cyclic
strength between some samples was a result of small increases in density or decreases in the
degrees of saturation. For example, tests which had higher degrees of saturation including
18F78c082C, 40F82c061C and 60F72c036C had more cyclic strength than their comparable
test pairs 18F71c075C, 40F81c05C and 60F72c036C and this is because they compressed to
slightly higher densities during the anisotropic compression stage.
There is significantly more scatter in the samples prepared looser, at densities corre-
sponding to the D compaction curve, shown in Figure 4.23 compared to the cyclic data
obtained for samples prepared at densities according to the denser C compaction curve. This
is partly because there was more variation in the void ratios of these looser samples after
the consolidation stage. However, the general trend in the data still shows that samples with
lower degrees of saturation resisted more cycles at higher CSRs and therefore, the resistance
for each material still increased as the degree of saturation was decreased. Tests which were
higher in their degrees of saturation including tests 18F74c059D, 40F86c020D had more
cyclic strength than their comparable test pairs 18F74c066D, 40F86c020D because they
compressed to slightly higher densities during the anisotropic compression stage. There are
several samples which do not follow this trend, for example test 18F57c058D should have
resisted more cycles, especially when compared to test 18F57c083D which consolidated to
the same degree of saturation and void ratio. Furthermore, tests 28F63c033D, 40F61c037D
and 40F100c017D should have resisted fewer cycles when compared to their test pairs
28F62c032D, 40F61c032D and 40F100c014D. The scatter in the cyclic resistances for each
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material could be due to the randomness present in the particle structures which are also a
result of the samples’ lower densities.
From the downwards trend of CSR1000 with increasing average degrees of saturation
shown in Figure 4.24, for samples prepared at their TML densities corresponding to both the
C and D compaction curves, it is evident that large changes in the degree of saturation had
more of an effect on the general cyclic strength of the samples than the small variations in
void ratios that occurred during the consolidation stage. In particular, the saturated samples
which contained higher fines contents of 40 and 60% compressed to slightly denser states than
the partially saturated samples containing the same fines content during the consolidation
stage, however, the increase in the degree of saturation still resulted in a decrease in the
samples’ values of CSR1000.
4.5.2 Effect of Density
Large increases in a sample’s preparation void ratio, resulted in a noticeable decrease in
cyclic strength. This can be seen by the cyclic results of the samples that were prepared
looser, at densities less than the TML density at points along the compaction curve. These
samples had significantly less cyclic strength than samples with similar degrees of saturation
as these data points lay below the cyclic data for the unsaturated samples that were prepared
at densities corresponding to the TML as shown in Figures 4.22 and 4.24a. Due to the
inability to control the densities and degrees of saturation achieved after the samples had
consolidated, as discussed in the previous section, it was difficult to further determine whether
small increases in the cyclic strength between some samples was a result of small increases
in density or decreases in the degrees of saturation. Further testing is required to investigate
the independent effects of density on the cyclic unsaturated behaviour of samples that range
over various degrees of saturation.
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4.5.3 Effect of Fines
It is also evident from Figures 4.24a and b that samples which contained the least amount of
fines, 18%, had the highest cyclic strength for all tested degrees of saturation compared to
the other materials when prepared at densities corresponding to the TML on both the C and
D compaction curves as this material’s CSR1000 values lay above all the other materials’ for
all degrees of saturation. This is partly because these samples, containing the least amount of
fines, also had the highest preparation density. Samples which contained 60% fines and also
were prepared most loose, typically had the least cyclic strength as most of the material’s
CSR1000 values lay below all the materials’ for different degrees of saturation. It may be
expected that the samples containing higher fines contents which were also tested at looser
states would have had less cyclic strength for similar degrees of saturation, however, as
observed in the cyclic behaviour of the saturated samples, the relationship between the cyclic
strength of samples with increasing fines contents was not so clear at fine contents above
28%.
Once the values of CSR1000 were determined for all the materials containing different
fine contents, prepared at different degrees of saturation and at densities along the C and D
compaction curves, the data was normalised and plotted according to its cyclic resistance
ratio (SLCRR1000) vs the number of cycles to failure, as shown in Figure 4.25. All the
samples tested under unsaturated conditions, including the samples which were not prepared
at the densities corresponding to the TML on the C compaction curve, were observed to
lie within the same narrow band as the saturated data. Therefore, it is possible to use this
behavioural trend that has been observed in both the saturated and unsaturated samples, to
approximately estimate the number of cycles to failure for the well graded materials within
the tested degrees of saturation, densities and CSRs.
4.6 Estimation of the Number of Cycles to Failure
To estimate the number of cycles to failure, the underlying trend observed in the well graded
materials that were tested at different degrees of saturation, densities and CSRs, was used.
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Table 4.3 Fitting Constants a and b for Cyclic Data Prepared at Densities on C and D
Compaction Curve
Material A B B*
C compaction curve D compaction curve
a b a b
18% fines
-0.303 3.19 2.877
-2.28 2.54 -1.18 1.27
28% fines -1.61 1.69 -0.61 0.69
40% fines -2.02 2.10 -0.45 0.53
60% fines -0.83 0.92 -0.50 0.55
The data in Figure 4.25 was split into two sets according to whether samples were prepared
at densities along the C or D compaction curve for clarity as shown in Figures 4.26a and
b. The data points of the samples were colour coded according to the series that they were
originally grouped into to show the relationship between CSR1000 and the average degrees
of saturation as shown in Figures 4.24a and b. A trend line was drawn through the data as
shown in Figure 4.25 and the same trend lines, shown by the bold dotted line, are included in
Figures 4.26a and b according to the Equation 4.6
CRR1000 = A log(Ncyc)+B (4.6)
where A and B are line fitting constants and samples which resisted 3000 cycles were
excluded from the fitting procedure in Figures 4.26a and b as the actual number of cycles
that many of these tests would have resisted is unknown. Four trend lines were also drawn
through the CSR1000 data with varying degrees of saturation for each material prepared at the
TML density on the C and D compaction curves according to Equation 4.6
CSR1000 = aDoS+b (4.7)
where DoS is the degree of saturation, a and b are also line fitting constants and are
different for each material prepared at the TML densities associated with the C and D
compaction curves as summarised in Table 4.3.
Figure 4.27 shows the variation of the estimated a and b coefficients as a function of fines
content. Two lines for each coefficient are shown on Figure 4.27, associated with the TML
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densities from the C and D hammers. It can be seen that there is an approximately linear
relation with fines content for a given density, and that the values shift as density varies as
indicated on Figure 4.27. This suggests that there is a relationship between the materials’
CSR1000 values, degree of saturation and fines content. By rearranging Equation 4.6 and
combining it with Equations 4.3 and 4.7 it is possible to estimate the number of cycles for a
particular material that has a certain degree of saturation after consolidation and is loaded at
a CSR as shown in Equation 4.8
Ncyc = exp
( 1
A
( CSR
a.DoS+b
−B
))
(4.8)
When the values of A, B, a and b as summarised in Table 4.3 were used in Equation 4.8,
the resulting number of predicted cycles that the samples with data points located above
the bold fitting line in Figures 4.26a and b, would resist was more than the actual number
of cycles that the samples resisted in the triaxial before failing. Therefore, to prevent an
overestimation in the predicted number of cycles samples would resist, the fitting line in
Figures 4.26a and b can be moved down (to the dotted line not in bold), or the value of
B in Equation 4.8 decreased. If the value of B were decreased such that the fitting line in
Figures 4.26a and b lay below all the data points, then the numbers of cycles predicted
by Equation 4.8 would always be less than the actual number of cycles samples resisted
before failing. A 10% decrease in the value for B, as shown by the column labelled B∗ in
Table 4.3 was required to conservatively predict the number of cycles resisted by 90% of
the samples. Therefore, instead of B, B∗ was used to estimate the number of cycles samples
would resist. Figures 4.28a and b compare the predicted to the actual number of cycles
that samples prepared at densities on both the C and D compaction curves, resisted when
cyclically loaded. The data points which lay below the dotted line represent samples which
were predicted to reach failure at a lower number of cycles than what was measured in the
cyclic tests and conversely, data points which lay above the dotted line represent samples
which were predicted to reach failure at a higher number of cycles than what was measured
in the cyclic triaxial tests.
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In particular, it can be seen that this approach conservatively estimated the number of
cycles that samples resist for higher numbers of cycles ranging from 500 to 3000, which
is relevant to the number of significant cycles that cargoes must resist during shipping
transportation (TWG, 2013c). Data points located above the 1 to 1 fitting line represented
samples which typically resisted low numbers of cycles. There were also three samples
prepared at the looser densities associated with the D compaction curve containing 18% fines
which did not fit in with this trend and these points were also outliers in the cyclic behaviour
for 18% fines as shown in Figures 4.28b and 4.26b as these samples (tests 18F61c018D,
18F77c023D and 18D004) resisted fewer cycles when compared to other tests performed at
similar densities and degrees of saturation. It is believed that this is a result of the randomness
in the cyclic behaviour of the samples which have been prepared relatively loose. These
looser samples were particularly sensitive to collapse and therefore, it was difficult to prepare
consistent, relatively loose samples.
Further fitting including regression analysis, relating the values of a and b in Equation 4.6
for each material to the average densities and state parameters achieved in the samples
were attempted. However, no clear relationship could be determined which successfully,
conservatively predicted the number of cycles that samples would resist. To establish a
relationship between density, fines content and degree of saturation with the number of cycles
that samples would resist, further cyclic testing at different densities where the density and
degrees of saturation can be controlled up until samples are cyclically loaded, is required.
The proposed method of estimating the number of cycles that samples in this study resisted
is also only relevant to samples that have been anisotropically consolidated to a stress
state representative of an element at the middle and bottom of the cargo under normally
consolidated conditions. The cyclic responses of the samples which have been brought to
this stress state in this study are also not necessarily representative of how the cargo would
behave as a whole.
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4.7 Iron Ore Fines vs the Well Graded Materials
Ideally, iron ore fines would have been cyclically tested. However, the grading and particle
shape of iron ore fines varies depending on the on-site mining and handling processes (Munro
and Mohajerani, 2016). Furthermore, iron ore fines could not be practically separated and
reconstituted into different gradings due to the goethite present in the material. While there
were some differences in the surface textures of the basalt aggregates and the iron ore fines,
the basalt aggregates were broadly similar in particle shape to the iron ore fines. However,
the sub-rounded and moderate sphericity particle shapes of the feldspar fines were different
to goethite, which has with needle like particle shapes. The goethite is also an ultra fine
material, with particle sizes less than 5 microns in size, while the particle sizes of the feldspar
fines is larger, typically ranging from 7.5 to 15 microns. As a result, the grading curves of the
iron ore fines was different from the artificial materials at particle sizes less than 75 microns.
It is possible to compare the cyclic data obtained in this study with some of the data
from cyclic triaxial tests performed on several different batches of iron ore fines sourced
from the Australia A and B and Brazil groups as presented in the TWG reports and this has
been summarised in Figure 4.29a. The cyclic triaxial tests in the TWG report were only
performed on samples of iron ore fines that were prepared at densities on the D compaction
curve relating to degrees of saturation ranging from 40 to 100%. Therefore, only samples
of iron ore fines that were tested at 80% degree of saturation and at the density relating to
the TML, marked as squares in Figure 4.29a, were comparable to the samples tested in this
study. These particular samples contained approximately 18% fines. However, some of
the tests presented in the TWG report were terminated early at 500 cycles, and these tests
are marked in Figure 4.29a with arrows pointing towards higher numbers of cycles, while
other tests were loaded cyclically at stepwise increasing CSRs, a loading condition that was
not investigated in this study. The square data points that have been coloured in black in
Figure 4.29a represent the cyclic data of the iron ore fines samples which are comparable
with the tests performed on the artificial materials in this study.
Figure 4.29b shows the cyclic behaviour of the artificial materials tested in this study and
the comparable samples of iron ore fines tested by the TWG. It is evident that the number
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of cycles resisted by the artificial materials containing 18% fines is broadly similar to the
number of cycles resisted by iron ore fines for a given CSR. This suggests that the overall
cyclic mechanical behaviour of the artificial materials was similar to the iron ore fines as
both materials resisted a similar number of cycles in the triaxial tests when prepared at
similar relative densities and were anisotropically consolidated to the same stresses. This
suggests that, the mechanical cyclic behaviour of the materials is indeed mainly controlled
by its grading even though the particle size distribution curves vary at particle sizes below
75 microns. Therefore, the behavioural trends in the triaxial data presented in this study are
comparable to the existing cyclic triaxial data presented in the TWG reports.
4.8 Conclusions
An increase in the fines content resulted in an increase in the range of possible void ratios of
the well graded materials and a decrease in the required prepared densities of the materials. At
these prepared densities and under fully saturated conditions, a sample’s resistance to cyclic
liquefaction primarily depended on a combination of the density and state parameter achieved
before being cyclically loaded. The material containing the least amount of fines, 18%
and therefore, samples containing this material were also prepared densest, had the highest
resistance to liquefaction as they resisted the largest number of cycles for any CSR. When
samples of the same fines content were compared to one another, the denser samples were
observed to resist more cycles than the looser samples when tested at the same CSR. As the
fines content was increased, an increasing amount of collapse was observed during saturation
and for two samples with the same density, the sample which had a higher fines content
resisted more cycles. Regardless of the fines content, the mode of liquefaction failure could
be related to the material’s state parameter as samples that were saturated and consolidated
to a state further below their CSLs and thus had a more negative state parameter, tended to
fail due to cyclic mobility. However, samples which had a more positive state parameter and
thus were further above their CSLs, tended to fail due to cyclic liquefaction. There was no
unique relationship between the sample’s state parameter and the number of cycles to failure
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and this is believed to be a result of the inconsistent definition of failure by cyclic mobility
that can result due to the build of axial strains which is not necessarily associated with the
sample reaching its CSL, the reference point from which the state parameter is derived.
A decrease in the degree of saturation caused an increase in the cyclic resistance of a
material as samples at lower degrees of saturation generally resisted more cycles at higher
CSRs. The densities of the unsaturated samples also had an effect on the cyclic strength,
however, it was difficult to isolate the effects of density and increases in degrees in saturation
as samples compressed by varying amounts during the anisotropic consolidation stage due
to the air in the samples. However, samples that were prepared at the densities according
to their TML, which compressed to higher densities tended to have more resistance to
cyclic failure than samples with lower densities and similar degrees of saturation. From the
cyclic behaviour of samples prepared looser, at densities corresponding to lower degrees
of saturation along the C compaction curve, there was a significant decrease in a sample’s
cyclic strength if there was a large increase, greater than 0.1, in the void ratio even though
these looser samples had lower degrees of saturation. This suggests that limiting the moisture
content alone to ensure that the cargo is below a certain degree of saturation, may not be
sufficient in preventing cargo liquefaction as density is also an important factor that affects
the cyclic strength of a material. However, these samples still had more cyclic strength than
the fully saturated samples and therefore, a conservative lower bound in the cyclic strength
of these materials can be estimated through performing simpler saturated undrained cyclic
triaxial tests on samples prepared at the densities corresponding to the TML if it is assumed
that the cargo will be loaded below its TML and according to the densities and corresponding
degrees of saturation defined by the C or D compaction curve.
Even though the well graded materials tested in this study contained a larger range of
particle sizes than in most other cyclic liquefaction behaviour studies, the general cyclic
behavioural trend of these materials under both saturated and unsaturated conditions was
found to be consistent with previous data on different sands when a normalised SLCRR
was plotted against the number of cycles to failure. The relationships between SLCRR1000,
the number of cycles and SLCRR1000 and the degrees of saturation can be used to safely
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estimate the number of cycles resisted by the majority of the samples prepared at the densities
associated with the C and D compaction curves and at degrees of saturation ranging between
60 to 100% for a range of CSRs. Furthermore, the predicted number of cycles resisted by
samples before reaching failure, gave a conservative lower estimate of the number of cycles
that samples would resist within the range of cycles, between 500 and 3000, relevant to the
large number of cycles that are recorded during shipping transportation. In the cases where the
predicted number of cycles significantly exceeded the actual number of cycles that samples
would resist before failing, the samples tended to be saturated, were unstable and failed due
to cyclic liquefaction. However, further investigation of the independent effects of density
and degree of saturations for a larger range of densities, degrees of saturation, stress states
and CSRs is required before a prediction can be made of the number of cycles the material
would resist for any CSR when loaded into the hold of a ship at any density and degree of
saturation. Furthermore, this method of prediction is only relevant to samples which are at a
stress state representative of an element in the middle and at the bottom of the cargo which is
not necessarily representative of how the cargo will behave as a whole. Nevertheless, the
collection of triaxial data has helped to gain a more holistic understanding of how the density
and degree of saturation affects the cyclic mechanical liquefaction response of materials with
a range of fine contents and gradings similar to iron ore fines and potentially other shipped
metallic ores. Even though the stress state used in the triaxial tests corresponded to an
element located at the middle and bottom of the cargo, the triaxial data can be used to obtain
soil parameters that are the basis of numerical models. These numerical models can then be
used to make predictions of the behaviour of the material at different points within the cargo
and then, more accurately predict the behaviour of the cargo as a whole as will be discussed
further in the next chapter. Understanding the movement of moisture throughout the materials
is another important aspect in understanding the materials’ liquefaction behaviour and the
hydraulic responses of the materials will also be explored in the next chapter.
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4.9 Summary of Cyclic Triaxial Tests
Table 4.4 Summary of Saturated Cyclic Well Graded Tests
Test Name Material CSR eini ecyc
Number of Cycles
to Failure Hammer
18C16 18% Fines 0.164 0.27 0.25 1052 C
18C27 18% Fines 0.271 0.27 0.24 580 C
18C11 18% Fines 0.110 0.26 0.25 3000 C
18D21 18% Fines 0.209 0.37 0.30 11 D
18D086 18% Fines 0.086 0.37 0.32 2194 D
18D18 18% Fines 0.184 0.38 0.32 92 D
18D046 18% Fines 0.046 0.36 0.33 3000 D
18D081 18% Fines 0.081 0.37 0.34 2998 D
28C25 28% Fines 0.253 0.33 0.32 96 C
28C10 28% Fines 0.097 0.32 0.29 132 C
28C067 28% Fines 0.067 0.33 0.29 374 C
28C042 28% Fines 0.042 0.32 0.29 3000 C
28D14 28% Fines 0.140 0.41 0.37 10 D
28D11 28% Fines 0.111 0.43 0.38 71 D
28D13 28% Fines 0.132 0.39 0.34 88 D
28D23 28% Fines 0.231 0.34 0.32 111 D
28D14 28% Fines 0.144 0.35 0.32 133 D
28D037 28% Fines 0.039 0.37 0.33 3000 D
40C14 40% Fines 0.145 0.36 0.33 67 C
40C27 40% Fines 0.271 0.36 0.34 157 C
40C13 40% Fines 0.133 0.35 0.33 162 C
40C042 40% Fines 0.042 0.36 0.33 364 C
40C11 40% Fines 0.114 0.33 0.31 795 C
40C036 40% Fines 0.036 0.34 0.32 3000 C
40C076 40% Fines 0.076 0.35 0.32 3000 C
40D18 40% Fines 0.177 0.46 0.40 4 D
40D14 40% Fines 0.143 0.45 0.40 63 D
40D084 40% Fines 0.084 0.46 0.40 143 D
40D17 40% Fines 0.166 0.35 0.32 225 D
40D056 40% Fines 0.056 0.35 0.31 256 D
40D078 40% Fines 0.078 0.41 0.36 1241 D
40D041 40% Fines 0.037 0.41 0.38 3000 D
60C25 60% Fines 0.251 0.48 0.42 72 C
60C14 60% Fines 0.142 0.42 0.39 224 C
60C16 60% Fines 0.158 0.44 0.41 242 C
Table 4.4 – Continued on next page
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Table 4.4 – Continued from previous page
Test Name Material CSR eini ecyc
Number of Cycles
to Failure Hammer
60C063 60% Fines 0.063 0.45 0.41 2665 C
60C054 60% Fines 0.054 0.45 0.41 3000 C
60D21 60% Fines 0.212 0.52 0.46 17 D
60D19 60% Fines 0.194 0.50 0.44 51 D
60D25 60% Fines 0.248 0.46 0.42 47 D
60D13 60% Fines 0.134 0.55 0.49 216 D
60D087 60% Fines 0.087 0.52 0.46 808 D
60D037 60% Fines 0.037 0.51 0.46 3000 D
Table 4.5 Summary of Unsaturated Cyclic Triaxial Tests Prepared on C Hammer Compaction
Curve
Test Name Material CSR DoSini DoScyc eini ecyc
Number of Cycles
to Failure
18F71c060C 18% Fines 0.603 0.67 0.71 0.23 0.26 3000
18F76c074C 18% Fines 0.745 0.74 0.76 0.25 0.26 3000
18F83c054C 18% Fines 0.539 0.81 0.83 0.25 0.28 1663
18F78c083C 18% Fines 0.829 0.73 0.78 0.24 0.26 1530
18F78c031C 18% Fines 0.308 0.76 0.78 0.26 0.28 3000
18F78c041C 18% Fines 0.413 0.78 0.78 0.27 0.28 3000
18F89c037C 18% Fines 0.370 0.86 0.89 0.26 0.28 3000
18F66c041CNotTml 18% Fines 0.405 0.64 0.66 0.33 0.34 343
18F63c019CNotTml 18% Fines 0.194 0.66 0.63 0.33 0.36 3000
18F62c041CNotTml 18% Fines 0.409 0.67 0.62 0.30 0.32 3000
18F66c057CNotTml 18% Fines 0.572 0.73 0.66 0.31 0.33 526
18F64c057CNotTml 18% Fines 0.574 0.70 0.64 0.31 0.32 27
18F62c048CNotTml 18% Fines 0.480 0.67 0.62 0.30 0.32 1535
28F81c024C 28% Fines 0.244 0.82 0.81 0.29 0.30 3000
28F83c044C 28% Fines 0.438 0.82 0.83 0.29 0.30 318
28F81c034C 28% Fines 0.338 0.78 0.81 0.27 0.29 1561
28F94c023C 28% Fines 0.229 0.96 0.94 0.30 0.31 3000
28F85c037C 28% Fines 0.373 0.86 0.85 0.30 0.30 3000
28F70c035C 28% Fines 0.354 0.66 0.70 0.28 0.30 3000
28F90c039C 28% Fines 0.387 0.89 0.90 0.29 0.30 422
28F79c043C 28% Fines 0.428 0.85 0.79 0.29 0.29 589
28F81c041C 28% Fines 0.415 0.85 0.81 0.27 0.29 2300
Table 4.5 – Continued on next page
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Table 4.5 – Continued from previous page
Test Name Material CSR DoSini DoScyc ecyc eini
Number of Cycles
to Failure
28F68c080C 28% Fines 0.799 0.66 0.68 0.25 0.30 140
28F70c037C 28% Fines 0.373 0.66 0.70 0.28 0.30 3000
28F68c056C 28% Fines 0.563 0.66 0.68 0.29 0.30 3000
28F66c065C 28% Fines 0.652 0.64 0.66 0.29 0.30 895
40F80c036C 40% Fines 0.357 0.80 0.80 0.36 0.35 3000
40F77c045C 40% Fines 0.447 0.75 0.77 0.34 0.35 3000
40F72c076C 40% Fines 0.755 0.76 0.72 0.35 0.34 369
40F76c064C 40% Fines 0.635 0.77 0.76 0.35 0.34 1293
40F75c050C 40% Fines 0.503 0.75 0.75 0.35 0.35 1848
40F82c062C 40% Fines 0.618 0.82 0.82 0.33 0.34 348
40F86c044C 40% Fines 0.436 0.87 0.86 0.36 0.35 447
40F75c044C 40% Fines 0.439 0.73 0.75 0.35 0.34 3000
40F86c028C 40% Fines 0.283 0.85 0.86 0.35 0.35 2922
40F81c051C 40% Fines 0.510 0.83 0.81 0.35 0.35 307
40F83c043C 40% Fines 0.429 0.84 0.83 0.34 0.34 1886
40F90c014C 40% Fines 0.144 0.91 0.90 0.35 0.35 3000
40F83c024C 40% Fines 0.244 0.84 0.83 0.33 0.35 3000
40F87c024C 40% Fines 0.236 0.88 0.87 0.35 0.34 3000
40F77c060C 40% Fines 0.601 0.81 0.77 0.34 0.35 447
40F100c014C 40% Fines 0.145 0.91 1.00 0.33 0.36 67
40F100c011C 40% Fines 0.114 0.92 1.00 0.31 0.33 795
40F100c013C 40% Fines 0.133 0.91 1.00 0.33 0.35 162
60F70c044C 60% Fines 0.440 0.70 0.70 0.45 0.45 805
60F69c025C 60% Fines 0.252 0.70 0.69 0.44 0.44 3000
60F81c013C 60% Fines 0.131 0.78 0.81 0.44 0.44 3000
60F78c026C 60% Fines 0.264 0.79 0.78 0.44 0.45 2092
60F67c038C 60% Fines 0.381 0.69 0.67 0.45 0.45 1825
60F81c016C 60% Fines 0.157 0.85 0.81 0.45 0.47 3000
60F87c031C 60% Fines 0.311 0.86 0.87 0.46 0.46 133
60F72c036C 60% Fines 0.364 0.74 0.72 0.44 0.47 132
60F87c019C 60% Fines 0.187 0.80 0.87 0.52 0.57 418
60F91c019C 60% Fines 0.186 0.84 0.91 0.50 0.57 455
60F64c024CNotTml 60% Fines 0.236 0.58 0.64 0.52 0.58 214
60F74c010CNotTml 60% Fines 0.104 0.60 0.74 0.41 0.53 1382
60F77c019CNotTml 60% Fines 0.185 0.73 0.77 0.46 0.50 571
60F80c08CNotTml 60% Fines 0.081 0.75 0.80 0.46 0.51 3000
60F72c020CNotTml 60% Fines 0.205 0.66 0.72 0.47 0.52 282
60F76c026CNotTml 60% Fines 0.263 0.68 0.76 0.46 0.52 84
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Table 4.6 Summary of Unsaturated Cyclic Triaxial Tests Prepared on D Hammer Compaction
Curve
Test Name Material CSR DoSini DoScyc eini ecyc
Number of Cycles
to Failure
18F77c023D 18% Fines 0.229 0.74 0.77 0.32 0.38 803
18F82c07D 18% Fines 0.073 0.81 0.82 0.29 0.32 3000
18F66c017D 18% Fines 0.166 0.64 0.66 0.30 0.31 3000
18F70c035D 18% Fines 0.347 0.65 0.70 0.29 0.32 3000
18F70c035D 18% Fines 0.353 0.67 0.70 0.31 0.32 3000
18F74c048D 18% Fines 0.479 0.67 0.74 0.30 0.33 279
18F53c049D 18% Fines 0.486 0.52 0.53 0.30 0.31 3000
18F76c07D 18% Fines 0.066 0.75 0.76 0.31 0.32 3000
18F74c067D 18% Fines 0.668 0.70 0.74 0.32 0.33 1729
18F94c010D 18% Fines 0.101 0.97 0.94 0.31 0.32 3000
18F91c025D 18% Fines 0.250 0.91 0.91 0.31 0.32 3000
18F87c030D 18% Fines 0.300 0.85 0.87 0.30 0.32 2570
18F61c018D 18% Fines 0.181 0.58 0.61 0.32 0.37 1942
18F57c058D 18% Fines 0.579 0.48 0.57 0.30 0.36 15
18F69c044D 18% Fines 0.437 0.63 0.69 0.34 0.38 332
18F58c076D 18% Fines 0.759 0.55 0.58 0.30 0.31 2441
18F57c084D 18% Fines 0.842 0.55 0.57 0.30 0.31 503
18F67c033D 18% Fines 0.334 0.65 0.67 0.30 0.31 3000
18F63c060D 18% Fines 0.602 0.66 0.63 0.30 0.31 1248
18F65c065D 18% Fines 0.650 0.63 0.65 0.30 0.31 222
18F74c059D 18% Fines 0.593 0.70 0.74 0.26 0.31 49
28F88c016D 28% Fines 0.162 0.80 0.88 0.31 0.36 326
28F63c033D 28% Fines 0.332 0.60 0.63 0.34 0.36 458
28F66c015D 28% Fines 0.155 0.61 0.66 0.33 0.35 3000
28F66c022D 28% Fines 0.224 0.60 0.66 0.32 0.35 1847
28F62c032D 28% Fines 0.317 0.53 0.62 0.32 0.38 131
28F71c022D 28% Fines 0.217 0.66 0.71 0.34 0.37 3000
28F71c06D 28% Fines 0.063 0.73 0.71 0.32 0.34 3000
28F84c06D 28% Fines 0.059 0.85 0.84 0.33 0.34 3000
28F87c014D 28% Fines 0.141 0.89 0.87 0.34 0.37 1549
28F87c06D 28% Fines 0.060 0.89 0.87 0.32 0.35 3000
28F94c024D 28% Fines 0.243 0.95 0.94 0.32 0.35 244
28F93c053D 28% Fines 0.527 0.85 0.93 0.26 0.36 22
28F67c040D 28% Fines 0.404 0.66 0.67 0.35 0.35 3000
28F65c066D 28% Fines 0.656 0.63 0.65 0.35 0.35 234
28F65c056D 28% Fines 0.558 0.60 0.65 0.36 0.36 317
Table 4.6 – Continued on next page
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Table 4.6 – Continued from previous page
Test Name Material CSR DoSini DoScyc ecyc eini
Number of Cycles
to Failure
28F69c029D 28% Fines 0.291 0.69 0.69 0.36 0.37 1507
28F61c049D 28% Fines 0.491 0.67 0.61 0.33 0.37 163
40F55c048D 40% Fines 0.479 0.56 0.55 0.45 0.46 390
40F64c019D 40% Fines 0.187 0.62 0.64 0.46 0.47 3000
40F86c020D 40% Fines 0.201 0.81 0.86 0.44 0.47 210
40F61c037D 40% Fines 0.367 0.58 0.61 0.46 0.46 856
40F71c08D 40% Fines 0.082 0.69 0.71 0.46 0.47 3000
40F74c020D 40% Fines 0.196 0.70 0.74 0.45 0.47 499
40F61c032D 40% Fines 0.318 0.66 0.61 0.41 0.47 190
40F90c010D 40% Fines 0.104 0.82 0.90 0.42 0.47 3000
40F89c010D 40% Fines 0.104 0.82 0.89 0.42 0.47 3000
40F63c024D 40% Fines 0.236 0.62 0.63 0.46 0.47 1475
40F59c025D 40% Fines 0.250 0.60 0.59 0.44 0.46 803
40F81c025D 40% Fines 0.254 0.77 0.81 0.41 0.46 23
40F89c025D 40% Fines 0.246 0.85 0.89 0.39 0.47 409
60F61c014D 60% Fines 0.140 0.61 0.61 0.50 0.51 3000
60F62c030D 60% Fines 0.295 0.62 0.62 0.51 0.51 3000
60F61c046D 60% Fines 0.463 0.60 0.61 0.49 0.51 249
60F68c031D 60% Fines 0.313 0.70 0.68 0.50 0.52 175
60F67c014D 60% Fines 0.144 0.73 0.67 0.48 0.51 3000
60F82c06D 60% Fines 0.063 0.79 0.82 0.49 0.51 3000
60F50c019D 60% Fines 0.194 0.68 0.50 0.51 0.52 336
60F66c020D 60% Fines 0.204 0.71 0.66 0.52 0.53 1554
60F75c06D 60% Fines 0.062 0.73 0.75 0.49 0.50 3000
60F76c06D 60% Fines 0.061 0.76 0.76 0.48 0.51 3000
60F84c09D 60% Fines 0.088 0.79 0.84 0.48 0.52 3000
60F96c010D 60% Fines 0.099 0.88 0.96 0.47 0.53 280
60F73c020D 60% Fines 0.204 0.77 0.73 0.49 0.52 173
60F91c06D 60% Fines 0.062 0.84 0.91 0.48 0.55 3000
60F81c022D 60% Fines 0.217 0.79 0.81 0.47 0.52 2616
60F59c051D 60% Fines 0.511 0.57 0.59 0.51 0.52 89
60F76c029D 60% Fines 0.286 0.76 0.76 0.50 0.53 62
60F86c024D 60% Fines 0.245 0.80 0.86 0.48 0.52 25
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Fig. 4.10 Cyclic Pore Water Pressure Responses of Unsaturated Samples
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(b) Blocked Pore Air Pressure Readings
Fig. 4.12 Typical Blocked Pore Air Pressure Transducer Responses
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Fig. 4.13 CSL Points for all Unsaturated Cyclic Tests in the q vs p′ Space
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(d) 60% Fines
Fig. 4.14 CSL Points for all Unsaturated Cyclic Tests in the e vs logp′ Space
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(b) 18% Fines: uw vs Number of Cycles
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(c) 28% Fines: uw vs Axial Strain
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(d) 28% Fines: uw vs Number of Cycles
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(e) 40% Fines: uw vs Axial Strain
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(f) 40% Fines: uw vs Number of Cycles
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(g) 60% Fines: uw vs Axial Strain
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(h) 60% Fines: uw vs Number of Cycles
Fig. 4.15 Effect of CSR on the Pore Water Pressure Response of Saturated Samples
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(a) 18% Fines: uw vs Axial Strain
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(b) 18% Fines: uw vs Number of Cycles
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(c) 28% Fines: uw vs Axial Strain
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(d) 28% Fines: uw vs Number of Cycles
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(e) 40% Fines: uw vs Axial Strain
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(f) 40% Fines: uw vs Number of Cycles
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(g) 60% Fines: uw vs Axial Strain
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(h) 60% Fines: uw vs Number of Cycles
Fig. 4.16 Effect of CSR on the Pore Water Pressure Response of Unsaturated Samples
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(a) 18% Fines: uw vs Axial Strain
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(b) 18% Fines: uw vs Number of Cycles
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(c) 28% Fines: uw vs Axial Strain
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(d) 28% Fines: uw vs Number of Cycles
Fig. 4.17 Effect of Degree of Saturation on the Pore Water Pressure Response
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(a) 18% Fines: uw vs Axial Strain
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(b) 18% Fines: uw vs Number of Cycles
                             
 $ [ L D O  6 W U D L Q
 
  
  
  
   
   
   
 X B
 Z
   N
 3 D
 
     ) L Q H V   F V U           H            ' R 6       
     ) L Q H V   F V U           H            ' R 6       
(c) 28% Fines: uw vs Axial Strain
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(d) 28% Fines: uw vs Number of Cycles
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(e) 60% Fines: uw vs Axial Strain
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(f) 60% Fines: uw vs Number of Cycles
Fig. 4.18 Effect of Density on the Pore Water Pressure Response
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(a) uw vs Axial Strain
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(b) uw vs Number of Cycles
                             
 $ [ L D O  6 W U D L Q
 
  
  
  
  
   
   
   
   
 X B
 Z
   N
 3 D
 
     ) L Q H V   F V U          H            ' R 6       
     ) L Q H V   F V U           H            ' R 6       
     ) L Q H V   F V U           H            ' R 6       
(c) uw vs Axial Strain
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(d) uw vs Number of Cycles
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(e) uw vs Axial Strain
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(f) uw vs Number of Cycles
Fig. 4.19 Effect of Density and Fines on the Pore Water Pressure Response
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(a) uw vs Axial Strain
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(b) uw vs Number of Cycles
Fig. 4.20 Effect of Fines on the Pore Water Pressure Response
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(b) uw vs Number of Cycles
                             
 $ [ L D O  6 W U D L Q
 
  
  
  
  
   
   
   
 X B
 Z
   N
 3 D
 
     ) L Q H V   F V U           H            S V L             ' R 6       
     ) L Q H V   F V U           H            S V L             ' R 6       
(c) uw vs Axial Strain
                
 1 X P E H U  R I  & \ F O H V
 
  
  
  
  
   
   
   
 X B
 Z
   N
 3 D
 
     ) L Q H V   F V U           H            S V L             ' R 6       
     ) L Q H V   F V U           H            S V L             ' R 6       
(d) uw vs Number of Cycles
Fig. 4.21 Effect of the State Parameter on the Pore Water Pressure Response
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(d) 60% Fines
Fig. 4.22 All Cyclic Responses of Samples Prepared at Densities on the C Compaction Curve
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(b) 28% Fines
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(d) 60% Fines
Fig. 4.23 All Cyclic Responses of Samples Prepared at Densities on the D Compaction Curve
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Chapter 5
Hydraulic Response of the Well Graded
Materials
5.1 Introduction
This chapter investigates the effect of fines and degree of saturation on the hydraulic response,
and in particular the migration of moisture, throughout the artificial well graded materials.
The initial moisture content of the cargo when it is loaded into the hold of the ship, is known.
However, the moisture will redistribute within the cargo as it consolidates and is subjected
to cyclic loading during transportation from the ship’s rocking motions. This redistribution
of the moisture is dependent on the relationship between the suctions and degree of satura-
tion present in the material, as defined by the materials’ Soil Water Characteristic Curves
(SWCCs), and the materials’ permeabilities. Both the materials’ SWCCs and permeabilities
depend on the amount of fines present in the materials and therefore, the effect of fines on
the hydraulic behaviour of the artificial materials under unsaturated conditions was investi-
gated through identifying the materials’ SWCCs. Small centrifuge tests were performed to
investigate the effect of fines on pore water pressures and movement of moisture throughout
the materials when subject to the stresses that are believed to occur in the material once
loaded into the hold of the ship. The triaxial and SWCC data have also been used to calibrate
a hydro-mechanical finite element model (Ghorbani et al., 2018) that has been used to
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investigate the final distribution of moisture and settlements in a 15m 1D elastic column.
Results from the small centrifuge tests and 1D column coupled hydro-mechanical analysis
will be compared and discussed in this chapter.
5.2 Effect of fines on the Soil Water Characteristic Curves
The SWCCs that were determined for the four well graded materials are summarised in
Figure 5.1. Drying, wetting and scanning curves were identified in all the materials and
the data points in Figure 5.1 that have been filled in represent points used to find a set of
scanning curves. Samples were prepared at densities associated with the TMLs according
to the D hammer compaction curves as outlined in Table 4.1. As the fines content was
increased, the void ratios also increased and this decrease in density and the increase in
the fines content in the material both had an effect on the location of the SWCCs. The
SWCCs shifted up and towards higher values of suction with increasing fines, as can be seen
in Figure 5.2, which compares the location of the SWCCs for the materials containing 18
and 60% fines. Two extra tests were performed in the pressure plate apparatus on denser
samples containing 18 and 60% fines as shown in Figures 5.3 and it is evident that there is
no significant shift in the location of the SWCCs when the prepared densities of the samples
were varied between the densities associated with the TMLs on the C and D compaction
curves. This was partly because there was a relatively small difference in the TML densities
on the C and D compaction curves.
More hysteresis was observed in the SWCCs of the materials containing higher fines
contents as the distance between the primary drying and wetting curves increased as the
fines content was increased. This is because samples with higher fines contents of 40 and
60% were more compressible and as these samples were also tested relatively loose, they
were observed to compress more during the drying stage of the test as the air pressures
were increased. As a result, there was a larger difference in the densities when the primary
drying and wetting curves were being obtained in samples with more fines compared to in
the samples which contained less fines. There is uncertainty in the location of SWCC at low
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suctions as the GDS pressure and volume controllers were not able to accurately measure
suctions less than 3kPa. At low values of suction, the hydraulic responses of the materials
containing less fines, 18% and 28% fines, were more sensitive to small changes in suction
than in the materials containing more fines (40 and 60%) as significant increases or decreases
in the degree of saturation resulted when small changes in suction were applied. Hanging
column tests are required to more accurately determine the shape of the primary drying and
wetting curves at low suctions. However, as higher suctions were reached, the drying and
wetting curves for all the materials approached their primary drying and wetting curves.
There is some SWCC data for materials which contain non plastic fines, which are
similar in grading to the artificial materials, that shows the position of the primary drying
and wetting curves at low values of suctions, obtained using a custom made low suction
SWCC device (Li et al., 2014, 2009). Unfortunately, most of the SWCC data in the literature,
including the data shown in Li et al. (2014, 2009) presents the SWCC data with respect
to the gravimetric water content rather than the degree of saturation. It is thus, difficult to
compare the SWCCs of materials from different studies to the materials used in this study as
void ratios are not generally provided. The initial void ratios of the samples were provided
in Li et al. (2014, 2009) and these initial void ratios have been used to convert between
gravimetric water content and degree of saturation, assuming that there was no change in
void ratio as the suctions were increased. Figure 5.4 compares the SWCCs from Li et al.
(2014, 2009) obtained at low values of suctions between 0.5 and 3kPa for a material called
"SM with gravel," which is similar in grading to the artificial materials containing 18 and
28% fines that were tested in this study. A comparison of the grading curves for the materials
used in Li et al. (2014, 2009) and the artificial materials is shown in Figure 5.5. It is evident
from Figure 5.5 that, unlike in the artificial materials tested in this study, there was some
variation in the location of the wetting and drying curves of the "SM with gravel" material
that depended on the samples’ prepared void ratios. The "SM with gravel" samples were
prepared at different densities to the well graded SWCC samples tested in this study which
made it difficult to directly compare the SWCCs between the two materials. Nevertheless, the
lower SWCC, for the "SM with gravel" samples prepared at a void ratio of 0.63, seemed to
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best fit the SWCC data obtained for the artificial materials even though the "SM with gravel"
sample prepared at a void ratio of 0.47 was closer in density to the well graded artificial
materials containing 18 and 28% fines. This may be because the "SM with gravel" sample,
which was prepared at a higher void ratio of 0.63, was more similar in terms of relative
density to the samples of the artificial materials containing 18 and 28% fines. If the shape of
the SWCCs for the artificial materials containing 18 and 28% fines are assumed to be similar
to the "SM with gravel" material at low suctions, then a small reduction in suction from 1 to
0kPa can be expected to cause a significant increase in the degree of saturation, from 70 to
100%.
5.2.1 Effect of Feldspar Fines vs Iron Ore Fines
The SWCCs for the artificial well graded materials can be compared with the SWCCs for
iron ore fines that have been presented in other studies TWG (2013c); Wang (2014); Wang
et al. (2017), which have also been presented with respect to the gravimetric moisture content.
The method for obtaining the SWCCs in TWG (2013c) was not reported, however, the low
suction SWCCs in Wang (2014); Wang et al. (2017) were obtained by using the filter paper
method. Unfortunately, the comparison between the SWCCs obtained in TWG (2013c) and
Wang (2014); Wang et al. (2017) numerical are not straightforward because the void ratios
were either not reported (TWG, 2013c) or tests were performed at very different void ratios
and relative densities (Wang, 2014). Figure 5.6a compares the SWCC for iron ore fines
from Wang (2014), which had a fines content of approximately 23.6% and was prepared at
higher void ratios than the samples of the artificial materials, and at lower relative densities
than the densities associated with the TML for the iron ore fines. Furthermore, only the
initial void ratios were presented and the void ratios of the IOF-B samples throughout the
test were not specified and therefore, it was not possible to compare the relationship between
suctions and the degrees of saturation with the data collected from testing the artificial
materials. Therefore, all the SWCCs for the artificial materials were converted to gravimetric
water content and they appear to be comparable in Figure 5.6a because iron ore fines has a
significantly higher specific gravity, Gs of approximately 4.4 while the artificial materials
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have a Gs of around 2.8. Therefore, although the SWCCs of all the materials appeared to
be similar in terms of moisture content, the position of the SWCCs would be significantly
different if plotted with respect to degree of saturation, as the samples containing iron ore
fines were also prepared looser.
Some SWCC tests have been performed with respect to degree of saturation at low values
of suction, between 0.1 and 20kPa, on samples of iron ore fines containing 23.6% fines and
are shown by the red and blue curves in Figure 5.7 (Wang, 2014; Wang et al., 2017). At
low suctions between 0.1 and 1kPa, it is evident that the position of the drying and wetting
curves obtained for the iron ore fines is located above the assumed drying and wetting curves
obtained at low suctions from Li et al. (2009) and if the samples of iron ore fines were
prepared denser, at the relative densities associated with the TML, the location of the iron
ore fine’s SWCC would shift even further towards higher values of suction. Therefore, the
air entry values of the iron ore fines are probably higher than in the artificial materials and as
a result, iron ore fines can be expected to have more ability to retain water than the artificial
materials.
Figure 5.6b compares the SWCC for iron ore fines presented in the TWG report (TWG,
2013b), which contained 28% fines, with the SWCC for the artificial material, which also
contained 28% fines. Bulk moisture content was used instead of the gravimetric moisture
content and the void ratio of the iron ore fines sample was not reported. Bulk moisture
content in TWG (2013b) was defined as shown in Equation 5.1.
mcbulk =
mw
mT
(5.1)
where mw is the mass of water in the soil and mT is the total mass of the soil. However, if
it were assumed that the sample were fully saturated at low suctions, the prepared void ratio
would be approximately 0.8, which is consistent with the density associated with the TML for
iron ore fines. Both the drying and wetting portions of the SWCC for the artificial material
containing 28% fines seem to be consistent with the SWCC presented in the TWG report,
within the small suction range that was used. This suggests that between suctions of 10 to
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100kPa, the well graded materials similar in grading to the iron ore fines would also have
a similar SWCC. Above suctions of 100kPa, higher suctions are expected for a particular
gravimetric water content. Below suctions of 10kPa, evidently there is a range of possible
drying and wetting curves that describe the SWCC of the materials at these low values of
suction and to accurately determine the shape of the SWCC for the artificial materials at
these low values of suction, hanging column tests, as described in Wang (2014), need to be
performed.
Therefore, from comparing the SWCCs of the artificial materials to SWCCs of materials
of similar grading and iron ore fines in existing literature, it is evident that the shape of
the SWCC is broadly similar for materials of similar grading. Furthermore, iron ore fines
is a material with variable grading and fines content and therefore, will also have a range
of SWCCs that describes its hydraulic behaviour. It is likely that the general shape of the
SWCCs for the different gradings of iron ore fines is also similar to the SWCCs for the
materials tested in this study and presented in Wang (2014); Wang et al. (2017) and Li et al.
(2014, 2009). The influence of the SWCC will be explored through performing numerical
analysis, which will be discussed in further detail in a later section.
5.3 Centrifuge Results
Small centrifuge tests were performed to investigate and compare the hydraulic and compres-
sive behaviour of the well graded materials with the iron ore fines when prepared at the TML
densities related to the materials’ D hammer compaction curves. Samples were tested at a
speed of 1300rpm so that the stresses at the bottom of the sample were equal to those that
would occur at the bottom of a column of material approximately 15m tall. The pore water
pressures were measured in three locations down the centreline of the sample. Two pressure
transducers were located approximately 1/3 and 2/3 from the top of the sample and the third
pressure transducer was located at the bottom of the sample. Only samples containing 18, 28
and 60% fines were tested at degrees of saturation ranging from 60% to 80% in the centrifuge
and the pore water pressures measured during centrifugation are summarised in Figure 5.8.
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These pressures are referred to as pressures which have been measured at the top, middle and
bottom of the sample.
From the pore water pressure responses curves in Figure 5.8, the pore pressures measured
at the bottom of the sample were largest followed by the pressures measured by the middle
and top pressure transducers. Suctions were measured at the top of the samples prepared at
lower degrees of saturation and as the samples’ prepared degrees of saturation were increased,
there was also an increase in the water pressures measured within the samples because the
samples prepared at higher degrees of saturation contained more water than the samples
prepared at lower degrees of saturation. The peaks in the pore pressure responses that can
be observed in Figure 5.8, particularly at the base of the samples prepared at higher degrees
of saturation, were believed to be a result of the rapid acceleration within the soil samples
during the initial stages of centrifugation as the centrifuge’s initial rate of acceleration that
was used to reach the target speed, could not be controlled below speeds of 1000rpm. These
rapid accelerations would have caused a sudden increase in total stresses and generation
of excess pore water pressures, particularly at the base of the samples. These pore water
pressures would not have initially, had time to dissipate, especially in the samples containing
higher fines contents of 28 and 60%. However, once the centrifuge reached a constant speed,
consolidation subsequently occurred and equilibrium was reached as can be seen in the
samples’ pore water pressure curves which flatten towards the end of the test. In the samples
that were prepared at lower degrees of saturation, the pore water pressures measured by the
top pressure transducer, reached an equilibrium value more slowly. Unfortunately, some
tests (18DoS60, 60DoS60, 60DoS65) were terminated before the suctions reached a constant
value. However, it is believed that the measured values at the end of these test were close to
the actual suctions that would have been measured at equilibrium.
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5.3.1 Effect of Fines and Degree of Saturation on the Migration of
Moisture
Figure 5.9 summarises the pore water pressure profiles that were measured at the end of the
tests, once the pore pressure response curves had reached an almost constant value in the
samples containing 18, 28 and 60% fines. It is evident from the pore pressure profiles shown
in Figure 5.9 that suctions were present within the samples prepared at low, 60%, degrees
of saturation. Some redistribution of moisture towards the bottom of the sample was also
expected, however, the moisture contents throughout the samples were not measured and as a
result, the variations in the degrees of saturation throughout the sample during centrifugation
were not known. The distribution of water pressures with depth should be described by a
straight line when there is no flow in the material. However, the centripetal force varies
non-linearly with depth in the samples during centrifugation, which is why the variation in
the theoretical water pressures with depth, as shown in Figure 5.9, are slightly curved. A
curve that describes the theoretical water pressures that should result in samples that are
prepared fully saturated has been added to Figure 5.9.
As expected, the actual water pressures measured in the unsaturated samples were less
than the theoretical water pressures expected in the fully saturated samples and, as the degree
of saturation was decreased, the curves shifted down to lower values of water pressure. If
a sample were prepared fully saturated, then the water table would be at the surface of the
sample. However, the height of the water table decreases as the degree of saturation in
samples is reduced. In the unsaturated samples prepared at higher degrees of saturation, the
air phase is discontinuous and forms bubbles within the continuous water phase. During
centrifugation, these bubbles compress more towards the bottom of the sample where the
stresses are significantly larger. As a result, at the top of the samples, the density of the soil
fluid occupying the pores (a mixture of water and air) is expected to be less than 9.81kN/m3
and it increases with depth, towards 9.81kN/m3 at the bottom of the sample, as the air bubbles
present in the water compress. This is partly why the water pressure values, measured at the
top of the unsaturated samples, were further below the theoretical 100% degree of saturation
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water pressure curve, than the water pressures measured at the bottom of the unsaturated
samples.
In the samples prepared at lower degrees of saturation of 60%, the shape of measured
water pressure profiles suggests that water was still flowing throughout the samples that
were tested at lower degrees of saturation. However, this is unlikely given the flattening
in the shape of the pore water pressure response curves that were measured live during
centrifugation, as shown in Figure 5.8. It is possible that the top and middle pressure
transducers were not measuring the correct water pressures as the porous disk, which was
located at the front of the pressure transducers, might have dried out during centrifugation of
the samples prepared at low degrees of saturation. The air present in the porous disk would
have then prevented the pressure transducers from reading the correct values of suction. If
the water pressures measured at the base of the samples were assumed to be correct, by
extrapolating the theoretical water pressures back towards the top of the samples, the suctions
measured by the top pressure transducer in the samples containing 18%, 28% and 60% fines
should have been approximately -125kPa, -130kPa and -133kPa respectively. Based on
the drying curve of the SWCC of the materials, these suctions would be consistent with
degrees of saturation of 45%, which was less than the prepared degree of saturation in the
samples containing 18 and 28% fines. In the sample with 60% fines, the theoretical suctions
would have resulted in degrees of saturation of approximately 55%. Due to the movement
of water towards the bottom of the samples during centrifugation, it is expected that the
degree of saturation at the top of these samples would reduce slightly, provided no settlement
occurred. As no detectable settlements were measured in these samples after centrifugation,
it is possible to back calculate whether the amount of water within the samples was consistent
with the actual amount of water added during the preparation of the samples. The suctions
found by extrapolating the theoretical water pressures back towards the top of the sample,
were used to approximate the moisture content profile throughout the samples with lower
degrees of saturation. Detailed calculations of the distribution of moisture contents within
samples with low degrees of saturation have been included in Appendix A.8. Initially, it
was assumed that the soil was fully saturated below the level where positive water pressures
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resulted from extending the theoretical water pressure line back up from water pressure value
read by the pressure transducer located at the bottom of the sample. However, this resulted in
significantly higher calculated masses of water than the amounts of water that were added
to the samples. As these samples were prepared at low degrees of saturation, 60%, there
would be a significant amount of air in the samples. Thus, it is unlikely that the sample,
even in the bottom layers, would be fully saturated. Therefore, if a degree of saturation of
approximately 85% were assumed in the bottom layer of soil, the difference between the
calculated amount of water and the amount of water originally added to the samples, was
less. Thus, the resulting amount of water that was calculated within the samples by using the
theoretical water pressures, was consistent with the amounts of water that were added when
preparing the samples. This water balance is consistent with the suggestion that the pressure
transducers were not measuring the correct values of suction in the samples prepared at low
degrees of saturation.
Figure 5.10 shows photographs of a sample prepared at a high, 80%, degree of saturation,
taken before and after centrifugation from outside and inside the centrifuge. The photos show
that the sample settled and that the water table lay above the settled soil surface and this was
also observed in samples that were prepared and tested in the centrifuge above 65% degree
of saturation. There is also a dip in the settled soil surface as settlements in the middle of the
sample were larger than at the sides, which developed during centrifugation and remained in
the samples until the centrifuge was stopped.
These samples would have also experienced an increase in saturation during centrifugation
as drainage was not permitted and as there was water lying on the surface of these samples,
it was likely that the water phase was continuous within these samples. From the extended
portion of the wetting part of the SWCC, for low values of suction, not much of a reduction
in suction is required to cause an increase in the degree of saturation from 70 to 100% in the
materials containing 18 and 28% fines, which is also partly why these samples, prepared at
70% degree of saturation, rapidly increased in saturation. The final height of the water table
was also similar in the samples that settled and increased in saturation during centrifugation,
which is why similar final pore water pressures were measured at the bottom of these
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Table 5.1 Comparison of Theoretical Settlement Values During Centrifugation
Method
Settlement (mm)
18% Fines 28% Fines 60% Fines
Volumes of Soil and Water 6.3 6.6 7.3
Pore Water Pressures at Base 4.7 5.1 5.1
1D Compression 2.0 1.82 1.97
samples. However, in the samples that were prepared at degrees of saturation below 65%,
no significant settlements were detected and as a result these samples did not experience a
significant increase in saturation during centrifugation. The suctions in these samples would
have helped to resist settlements and significant redistribution of water from occurring.
It is also evident that the measured pore pressure profiles shown in Figure 5.9 were
very sensitive to the samples’ initial degree of saturation. The hydraulic response varied
significantly when samples were prepared at degrees of saturation between 60 and 70%, as
can be seen by the sudden jump in the pore pressure response curves in Figure 5.9. The
transition between when samples settled and experienced higher water pressures and when
samples did not appear to settle and experience lower water pressures and suctions occurred
at a lower degree of saturation, between 60 and 65% in the samples of the most permeable
material containing the least, 18%, fines. However, this transition occurred at a slightly
higher degree of saturation, 65%, in the less permeable samples containing 28 and 60% fines.
5.3.2 Compression Behaviour and Settlements
If the samples that were tested at higher degrees of saturation were assumed to become fully
saturated after centrifugation, it is possible to estimate the expected final heights of the water
table. Three methods were used to approximate the final height of the water table assuming
that the soil became fully saturated during centrifugation and that the water table was located
at the top of the soil surface. The settlement results from using these three methods are
summarised in Table 5.1.
The first method assumed that the sample initially had 80% degree of saturation. After
centrifugation, it was also assumed that the total volume of the sample after it had settled,
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consisted of the volume of water and solids and therefore all the void space within the samples
would be filled with water. Given that the dimensions of the sample box and the initial height
of the sample were known, the final height and therefore, the settlement of the sample was
calculated. The second method used the water pressures that were measured at the base of the
sample once equilibrium was achieved during centrifugation. From Equation 2.5, the height
of the water table, which was assumed to coincide with the sample height, was calculated. The
final method used 1D compression analysis where the sample was divided into 10 layers and
the bulk unit weights of the materials, given an initial degree of saturation of 80%, were used
to calculate the initial stresses within the soil layers. It was assumed that samples experienced
1D compression during centrifugation. The position of the isotropic normal consolidation
line (INCL) and the gradient of the unloading/reloading lines were approximated from the
triaxial data of loose samples tested under saturated conditions. The centrifuge samples were
over consolidated and therefore, the gradients of the unloading/reloading lines for each of
the materials were used to calculate the approximate settlements. The calculations for each
method that was used to calculate the settlements in the samples can be found in more detail
in Appendix A.9.
The photographs, Figure 5.10, taken of the sample prepared at 80% degree of saturation
before and after centrifugation, showed that the soil settled approximately 3 to 4mm and
that the final water table height lay above the settled soil surface. However, it was difficult
to accurately measure the settlements that occurred during centrifugation of the samples
from the video taken of the sample live during centrifugation. Streaking was observed in the
photos of the sample, taken from inside the centrifuge as shown in Figure 5.10, which made
it difficult to accurately determine displacements within the sample. The poor video quality
was believed to be a result of the intermittent and weak signals when the camera was at its
furthest point from the receiver, and also due to insufficient lighting onto the sample.
The observed settlements approximated from Figure 5.10 were less than the settlements
predicted by the first two methods listed in Table 5.1. This suggests that the soil may not
have been fully saturated even though the water table lay above the settled soil surface. If air
were added back into the soil and therefore, the degree of saturation decreased to 85%, then
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more plausible settlement values of approximately 4.5mm were obtained by using the first
method. However, even if the soil samples were not fully saturated below the water table,
and some air were present, the samples would have been at a high degree of saturation where
the air phase was discontinuous and water phase was continuous, as high water pressures
(approximately 150kPa) were consistently measured at the base of these samples during
centrifugation, which is why significant pore water pressures, that were used in the second
method, were still measured at the base of the unsaturated samples. It is expected that the
1D compression method should estimate settlement values close to the observed settlements.
However, the settlements calculated from the 1D compression method were less than the
measured settlements of 3 to 4mm and this is believed to be because the effect of suction or
degree of saturation on the compressibility of these materials was not taken into account. It
has been suggested by Sheng (2011); Toll (1990); Toll and Ong (2003) that the compression
behaviour of unsaturated soils can be dependent on both the changes in stress, suction and
the sample’s degree of saturation. It has also been observed that the compressibility due to
an increase in stress, λvp, increases and the compressibility due to an increase in suction, λvs,
decreases with decreasing degrees of saturation as shown in Figure 1.13 (Toll, 1990; Toll
and Ong, 2003). The decrease in volume can then be calculated using Equation 1.11 that
is repeated here in Equation 5.2 for clarity. Equation 5.2 was not used as the basis for the
coupled numerical model used in the simulations discussed later in this chapter.
ν = N−λvplog(p−ua)−λvslog(ua−uw) (5.2)
While the values for λvp and λvs for these artificial materials have not been determined, it
is possible to approximate them given the normalised functions for compressibilities of an
unsaturated soil shown in Figure 5.11 where the solid symbols represent the variation of λvp
and λvs (notated as λa and λb in Figure 5.11) in Kiunyu Gravel and the open symbols are
for a silty sand called Jurong Soil (Toll and Ong, 2003). Table 5.2 summarises the different
compressibility values for the artificial materials and the resulting settlements if the values
for λvp and λvs are used instead in Equation 5.2. Evidently, the settlements estimated by this
approach increased to values which are closer to the settlements observed in the samples
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Table 5.2 Compression Values and Resulting 1D Settlements in the Unsaturated Samples
Prepared with 80% Degree of Saturation
Material λ or λs λks λvs Settlement (mm)
18% Fines 0.021 0.025 0.017 3.0
28% Fines 0.019 0.023 0.015 2.8
60% Fines 0.027 0.032 0.022 3.6
suggesting that the compressibility of the materials are sensitive to their degree of saturation
during centrifugation.
The increase in values for the compressibility of the soil due to an increase in stress
(λvp) in Figure 5.11 suggests that the settlements should increase as the degree of saturation
decreases within the soil. However, the observed settlements appeared to be much less in
the samples that were prepared at lower degrees of saturation less than 60 to 65%. These
samples also did not experience significant increases in water pressures and only relatively
minor moisture changes appeared to occur during centrifugation. Therefore, it is believed
that the smaller settlements that occurred in the samples with lower degrees of saturation
are linked to the different hydraulic behaviours observed within the samples. The following
mechanisms have been proposed to describe the hydro-mechanical processes that are believed
to have occurred within the samples during centrifugation. The initial increase in total stress,
which was concentrated towards the bottom of the sample during centrifugation, caused
compression in this region, particularly as the water pressures at the bottom of the sample
increased. Compression in the soil would have resulted in a small and local increase in
the degree of saturation at the bottom of the sample, which would have also caused a local
decrease in suction. Given the shape of the SWCCs of these materials at higher degrees
of saturation of 70 to 80%, small changes in suctions are associated with large changes in
degree in saturation towards fully saturated states and therefore, further decreases in suction.
According to the second part in Equation 5.2, which is dependent on the suctions present
within the soil, a decrease in suction alone also results in some compression. Once suctions
decrease the soil at the bottom of the sample will compress, water will tend to migrate
upward towards areas of higher suction within the soil. Therefore, water flows upward and
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this process repeats and continues to propagate upward until the water reaches the top of
the sample. This is consistent with the observations of the samples with higher degrees
of saturation in the centrifuge. Significantly higher suctions developed in the samples that
were prepared at low degrees of saturation and from the moisture content profiles that were
back calculated from the theoretical suction values and the known total amounts of water
added to the sample, only partially saturated conditions are believed to have developed at the
base. Therefore, the progressive wetting and settling mechanism described earlier would not
have started. The transition in behaviour between when the progressive settling and wetting
occurred in the sample and when it did not, depended primarily on the materials’ prepared
degrees of saturation and the associated suctions as defined in the materials’ SWCCs.
Although it cannot be seen in the photo shown in Figure 5.10, a thin layer of fines was
observed to lie at the top of the samples prepared at higher degrees of saturation. These
samples were also observed to settle and form a thin layer of water on top of the settled
soil surface after centrifugation. Settlement and an upward migration of fines was also
observed during 1D column shake table tests performed on the same artificial well graded
materials, containing 18, 28 and 60% fines, when prepared at high degrees of saturation of
80% (Hu, 2017). The migration of fines towards the surface is consistent with the theory that
water moved upward from the bottom to the top of the sample. The fines would most likely
have been transported as the wetting front moved upward and as the fines also have more
ability to retain water, their migration would have aided in the movement of the wetting front
towards the top of the sample. The separation of fines in soils due to flow has been observed
and termed as suffosion (Fannin and Slangen, 2014). Suffosion is an internal instability
phenomenon where fine particles are transported through a non-plastic soil and as a result,
there can be collapse in the soil structure (Chapuis, 1992; Fannin and Slangen, 2014). Soils
that are potentially prone to suffosion can be identified using the soil’s grading curve. Kezdi
(1969) has developed an instability degree, Ir value defined by Equation 5.3
Ir =
D15(coarse)
D85( f ine)
(5.3)
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where D15(coarse) and D85( f ine) are the particle sizes associated with 15% and 85%
passing from the grading curve after the grading curve has been split into the coarse and
fine fractions. Ir must be less than 5 to avoid internal instability, which is when the fine
particles start moving through the void space of the larger particles. However, in the well
graded artificial materials used in this study, the appropriate division between the coarse and
fine particles is not clear. Experimental results from Kenny and Lau (1985) suggested that
the limiting gradation curve of a stable soil should satisfy Equation 5.4
P(D20 to 4D20)> P(d < D20) (5.4)
where D20 is the size of the particles associated with 20% passing from the grading curve
of the material, P(D20 to 4D20) is the percentage of particles between particle sizes of D20
and 4×D20 and P(d < D20) is 20%. This criteria is based on the behaviour of medium
dense to dense soils which had relative densities of 80 to 100% (Kenny and Lau, 1985). The
centrifuge samples and the 1D column test samples were prepared according to the densities
on the D compaction curve and this also resulted in relative densities within the range of
80 to 100%. Therefore, the samples in this study and in Hu (2017) were tested at a density
where suffosion could occur. Table 5.3 summarises the D20 values read from the grading
curves of the artificial materials and the resulting values P(4D20) and P(D20 to 4D20). It is
evident that the materials containing 18 and 28% fines are prone to suffosion as the values for
P(D20 to 4D20) are less than 20%. It is also possible that suffosion occurred in the material
containing 60% fines as its value for P(D20 to 4D20) is close to 20% and also close to the
limit of being a unstable soil. These results support the observation of fines sitting on the
surface of the centrifuge samples that were tested at high degrees of saturation of 80% in
this study and also in the 1D column shake table tests performed by Hu (2017). The results
also suggest that there was an upward movement of water during both the tests, which is also
only possible in samples which are tested at higher degrees of saturation. To confirm the
movement of water and fines, layers of coloured sand were also placed during preparation of
some samples at known heights in an attempt to track the general movement of the soil in
the before and after photos. However, due to the movement of water throughout the sample
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Table 5.3 Particle Grading Data
Material D20 (mm) P(4D20) (%) P(D20 to 4D20) (%)
18% Fines 0.09 29 9
28% Fines 0.019 29 9
60% Fines 0.0043 43 23
during testing and the non uniformity in the settlements within the layers of the sample, the
coloured sand tended to blur and mix into the sample, making it difficult both by eye and
when using image processing PIV software, to calculate the displacements and the movement
of moisture and soil particles. As already noted, the live footage collected during testing was
of poor quality and only pictures taken outside the centrifuge before and after testing could
be used to track the displacements.
5.3.3 Iron Ore Fines vs the Well Graded Materials
Tests were also performed on samples of iron ore fines which had a fines content of 18% and
was similar in grading to the artificial material containing 18% fines. The samples of iron ore
fines were prepared at degrees of saturation of 70 and 80% and at densities that corresponded
to the TML on the D compaction curve as defined in the TWG reports. Iron ore fines had
a significantly higher specific gravity (approximately 4) and due to the weight restrictions
on the rotor of the small centrifuge during testing, these samples had to be prepared 10mm
shorter than the samples of the artificial materials. However, the sample of iron ore fines
were also accelerated to the same speed of 1300rpm in the centrifuge. Therefore, the stresses
within the iron ore fines related to a state at the bottom of a cargo pile 12m tall, which is
slightly less than what is expected in a Capesize vessel’s hold and less than the pile height that
was modelled in the samples containing the artificial materials. Figure 5.12 shows the pore
water profiles measured in the iron ore fines achieved at equilibrium during centrifugation.
It is evident that the hydraulic behaviour in the samples of iron ore fines is also sensitive to
the initial degree of saturation as there is also a rapid transition for the iron ore fines between
tests which become close to fully saturated and those which do not during centrifugation.
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In the iron ore fines, this transition occurs at a degree of saturation between 70 and 80%,
which was higher than observed in the artificial materials. At and below 70% degree of
saturation, the suctions within the iron ore fines appeared to be sufficient to prevent samples
from significantly compressing and increasing their degree of saturation. The reason for
the different hydraulic behaviours between the iron ore fines and the artificial materials is
believed to be because the grading curves of the materials were not identical below 0.075mm.
Iron ore fines contains ultra fine goethite particles which are typically less than 5 microns in
size (TWG, 2013b) whereas feldspar fines tends to be larger in size, with at least 70% of
the material varying in size from 5 to 75 microns. The presence of these ultra fine goethite
particles in the iron ore fines is expected to have prevented water from migrating as easily
throughout the material. This should be reflected in the materials’ SWCCs, however, as it
was difficult to identify the position of the SWCCs of iron ore fines and the artificial materials
at low suctions, it was difficult to determine the actual air entry values for the materials. It
was also not clear whether suffosion occurred in the sample of iron ore fines that was tested
at 80% degree of saturation. This sample was observed to settle and also have a layer of
water on top of the soil surface but there was no clear colour distinction between the finer
and coarser parts. To determine whether suffosion occurred, samples would need to have
been sieved, however, this was data was not collected.
The pore pressure profile results of the iron ore fines also suggest that at 80% degree of
saturation, the iron ore fines cargo would be close to fully saturated if it were loaded into
the hold at the TML (degree of saturation of 80%). However, as the TML is the absolute
maximum allowable moisture limit that cargo can be at once it is loaded into the ship, most
cargo would be loaded well below the 80% degree of saturation. Therefore, during the
process of loading the cargo into the ship, a significant saturated base would not be expected
to develop, however, a larger saturated base is more likely to develop when the cargo is
subjected to cyclic loading conditions. The centrifuge results also show that the artificial
materials do not hold water as well as the iron ore fines and as a result, they may become
fully saturated if loaded into the hold at lower degrees of saturation ranging from 65 to 70%.
The effects that the different SWCCs of the artificial materials, with varying fine contents,
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have on the migration of moisture, resulting degrees of saturation and settlements within a
simulated pile of cargo, will be investigated in the next section.
5.4 Simulations
The centrifuge results showed that the unsaturated samples containing initially higher degrees
of saturation compressed and increased significantly in saturation towards fully saturated
states when brought to a scaled stress profile that approximately matched the stresses through-
out a 15m pile of cargo. To gain a better understanding of the effects of the initial degree
of saturation and fines content on the combined hydraulic and mechanical behaviour within
the materials, an effective stress based fully coupled hydro-mechanical model, which is
described in more detail in Ghorbani et al. (2018), has been used to simulate the distribution
of the degree of saturation with depth and the settlements that occur within a column of the
materials containing 18, 28 and 60% fines when they are subjected to body forces. In reality,
the cargo experiences a large number of cyclic loads during shipping transportation, therefore
a model that accurately simulates the unsaturated soil behaviour under cyclic loading needs
to also be able to successfully capture the hydraulic hysteresis in the materials’ SWCCs.
5.4.1 SWCC Fitting
To model the SWCC, the SWCC fitting equation proposed by Van Genuchten (1980) has
been used to describe the main wetting and drying curves given by in Equation 5.5.
Sαe =
(
1+
( pc
pα
)nα)−mα (5.5)
where pα is the air-entry value and nα , mα are model fitting parameters and the α in the
superscript or subscript of these parameters indicates whether the parameters are associated
with fitting the wetting or drying parts of the SWCC. The SWCC fitting equation proposed
by Van Genuchten (1980) has been chosen because it defines a continuous SWCC which
also has a continuous slope. Discontinuities in the fitting curves describing the SWCC and its
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slope introduce problems with convergence during modelling, especially if multiple drying
and wetting processes are used. To model the arbitrary paths for multiple drying and wetting
processes and to avoid numerical problems which arise when simulating these drying and
wetting reversals as discussed in Pedroso (2015) and Li (2005), a modified version of an
original approach proposed by Zhou et al. (2012) and Ghorbani et al. (2018) has been used
in this model to fit the SWCCs of the materials.
The slope of the SWCC, M∗ in the effective degree of saturation, Se, vs suction, pc space
is defined in Equation 5.6
M∗ =
( pc
pαc
)bα δSαe
δ pc
+M∗SC(α = w,d) (5.6)
The effective degree of saturation is defined in Equation 5.7
Se =
Sw−Srw
Sra−Srw (5.7)
where Sw is the degree of saturation, Srw is the residual degree of saturation at extremely
dry conditions and Sra is the residual degree of saturation when the material is fully saturated.
In this study, Srw and Sra are considered 0 and 1. From the wetting part of the SWCCs,
it appears that the residual degree of saturation, Srw, would be higher than 0. However,
assuming a Srw value of 0 did not affect the simulations as they were performed at higher
degrees of saturation and low suctions. The model constants bw and bd are model constants
with negative and positive quantities in the wetting and the drying processes. In addition, by
taking the equations for the main wetting and drying curves as Swe and S
d
e , p
α
c (α = w, d) is
defined as follows in Equation 5.8
M∗SC = M∗r
( pc− pcα
prc− pαc
)bsc (5.8)
where bsc is a model parameter, a positive quantity introduced to control the shape of the
scanning curves at the initiation of a reverse process. prc and M
∗r are the values of suction
and the slope of the SWCC once a reverse process is initiated. The full set of equations used
to derive the basis of the effective stress fully coupled hydro-mechanical numerical model
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Table 5.4 SWCC Fitting Parameters
Material pd pw nd nw md mw bd bw bsc
18% Fines 2 0.1 2.1 2.3 0.105 0.08 5 5 20
28% Fines 3.3 0.5 15 19 0.012 0.012 3 3 30
60% Fines 6 1 5 1.27 0.055 0.15 5 5 70
are described in Ghorbani et al. (2018). Figure 5.13 shows the result of using Equation 5.5
to simulate smooth and continuous scanning paths in a multi-step wetting and drying process.
The fitting curves for the SWCCs of the materials containing 18, 28 and 60% fines are shown
in Figure 5.14 and the values used to fit the SWCCs are summarised in Table 5.4.
The effect of void ratio on the position of the SWCC was not considered because the
SWCCs of the materials containing 18 and 60% fines were similar regardless of whether
samples were prepared at the TML densities relating to the C or D compaction curves as
shown in Figure 5.3 and this greatly simplified the modelling process. The fitted drying and
wetting curves as defined by Equation 5.5 were chosen to lie above and below all the data
points respectively as they defined the limits which the experimental drying and wetting
curves approached. The fitting curves fit the experimental data for the materials containing
18% and 60% fines relatively well for suctions up to 140kPa, which was within the suction
range analysed in the simulations. The fitted drying and wetting fitting curves for the material
containing 28% fines suggest that the points which were initially assumed to be part of the
main wetting curve may have been part of a scanning curve and due to the lack of data points
that define the main wetting curve, the position of the fitted main drying curve has been
estimated. Other equations that define fitting curves for the SWCC exist and many have
been listed in Fredlund and Rahardjo (1993), which may have better captured the change
in concavity in the SWCC of these materials. However, as the fitting curves used in this
study fit the data relatively well within the low ranges of suction relevant to this study for the
materials containing 18 and 60% fines, no attempt was made to further improve the fit of the
SWCCs. Furthermore, these other equations typically do not define a continuous SWCC with
a continuous slope which is required for the model to successfully capture the wetting and
drying cycles of the unsaturated soil when subject to cyclic loads. The drying and wetting
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air entry values for all the materials were obtained during the SWCC fitting process and
were found to be similar, approximately 2 to 6kPa and 0.1 to 5 kPa respectively which is
consistent with the suctions measured in existing unsaturated triaxial data for this material
as well as other studies that have been performed on similar materials (Chiu and Ng, 2003;
Gan and Fredlund, 1997). These fitted SWCCs were used in simulations that analysed the
hydro-mechanical response of the unsaturated soil when exposed to body force.
5.4.2 1D Column Analysis
The effective stress based coupled hydro-mechanical model has been used to investigate
the settlements and variation of degree of saturation and water pressures with depth in a
column with dimensions 1m in width and 15m in height, approximately the same height
as a pile of cargo once loaded into a ship. A schematic representation of the finite element
mesh including the imposed boundary conditions is shown in Figure 5.15. The bottom
boundary of the column was fixed so that no displacements could occur and it was also set to
be impermeable. The sides of the column were free to move and were set as impermeable
boundaries. The top boundary of the column free was to move and was permeable and
the excess pore air and water pressures were set to 0kPa. A one dimensional unsaturated
elastic analysis has been performed and the variation of the degree of saturation throughout
the column with depth and the settlement results due to the application of body force have
been evaluated. The analyses were started with a uniform degree of saturation with depth
throughout the column. Then, the analyses were performed such that the degree of saturation
and suction relationship followed either a main drying, main wetting part or scanning part of
the materials’ SWCCs. The effects of using the different parts of the SWCC, different initial
degrees of saturation on the variation of degree of saturation and water pressures with depth
in the artificial materials are summarised in Figures 5.16, 5.17 and 5.18. The results for all
the simulations are included in Appendix A.11 and the final settlements are summarised in
Table 5.5. Results from the simulations are labelled according to the amount of fines within
the material (18, 28 or 60), whether or not a drying (D), scanning (sc) or wetting (W) curve
has been used and the initial degree of saturation (0.6, 0.7 or 0.8) used in the analysis. In
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all the analyses, the degree of saturation tended to increase with depth as water flowed from
the top to the base of the column due to gravity to establish hydrostatic equilibrium and
as a result, a fully saturated zone developed at the bottom of the column in nearly all the
simulations. In some of the analyses, there were numerical issues when the soil transitioned
from an unsaturated to a fully saturated state as can be seen by the spikes in variation of
saturation with depth that show incorrect saturations greater than 1. This was particularly
a problem when the scanning or wetting curves were used in the analysis for the materials
containing less fines as can be seen in tests 18-sc-0.6, 18-W-0.6, 28-sc-0.6 and 28-W-0.6. In
these same tests, there were also numerical issues with smoothly defining the variation in
saturation at the top of the column and this was a result of the top boundary condition which
allowed water and air to drain out the top and prevented the column from becoming fully
saturated. Therefore, there were very few data points at the top of the column which had a
value of saturation less than 1 in these simulations.
Figure 5.16 compares the distribution of saturation and water pressures with depth when
the drying, wetting and scanning curves are used to describe the hydraulic behaviour of the
materials in the analysis. The depth of the wet base was smallest when the drying curve
was used and this is because higher values of suction are associated with the same degree
of saturation on the drying curve compared to the wetting and scanning curves. For the
same reason, the depth of the saturated zone was smaller when the scanning curve was
used in the analysis instead of the wetting curve. The variation in the hydraulic behaviour
from using the drying, scanning or wetting parts of the materials’ SWCCs was largest in
the material containing the most, 60%, fines and in this case, no saturated zone developed
when the drying curve was used. This is a result of the SWCCs of the materials moving
towards higher values of suction, and also of the distance between the drying and wetting
curves increasing, as the fines content increased. As expected, under hydrostatic conditions,
the water pressures vary linearly with depth and because the air pressures are assumed to
be atmospheric, the suctions are equal to the negative value of water pressure. Therefore,
the maximum water pressure at the base of the column is equal to the hydrostatic pressure
calculated from the height of the saturated zone. As a result, the water pressures present in
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the column are dependent on the thickness of the saturated zone and this varied depending
on whether a drying, scanning or wetting curve was used in the analysis. From Figure 5.16,
it is evident that the assumed initial hydraulic state of the material can have a significant
influence on the resulting degrees of saturation and water pressure profiles. In reality, there
is uncertainty in the initial hydraulic state within the cargo once loaded onto a ship, as the
materials could initially be on the wetting curve, the drying curve or on a scanning curve,
intermediate between these two lines. Determining whether the initial suction and saturation
state is on a drying, wetting or intermediate scanning curve is beyond the scope of this study,
however, it is likely that the cargo would be on a wetting or scanning path as it consolidates
in the hold and is subsequently subjected to cyclic loads during transportation.
The initial degrees of saturation of the column and the fines content present in the
materials also had an effect on the final saturation and water pressure profiles within the
column. Figure 5.17 compares the effect of the initial degree of saturation, ranging from 60 to
80%, on the final saturation and water pressure profiles within the column. The height of the
saturated zone increased as the initial saturation used in the analysis was increased because
water was more likely to redistribute and flow towards the bottom of the column when lower
suctions, that are associated with higher degrees of saturation according to the SWCC of the
materials, were initially present within the column. As a result, the water pressures present
in the column were higher when higher initial degrees of saturation were used in the analysis.
The variation in the hydraulic behaviour from using different initial degrees of saturation
was also largest in the material containing the most, 60%, fines and this was a result of the
shape of the SWCCs of the materials as the distance between the wetting and drying curves
was largest for the material containing 60% fines. Figure 5.18 compares the effects of fines
on the saturation and water pressure profiles within the column and as expected, the size of
the saturated zone decreased as the fines content was increased. The saturated permeability
of the materials also significantly decreased between the material containing 18% and the
materials containing 28% and 60% fines. However, it appears that the permeabilities of the
material only had a secondary affect on the hydraulic behaviour as the depth of the saturated
zone increased significantly between the materials containing 28 and 60% fines, even though
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the permeabilities of these two materials were very similar. This suggests that the hydraulic
behaviour of the material is primarily controlled by the SWCC of the materials used in the
simulations. Therefore, it is expected that the depth of the saturated zone or thickness of the
wet base would be larger in the artificial materials containing 18 and 28% fines, which are
similar in grading to iron ore fines, than in the iron ore fines material as iron ore fines holds
water better than the artificial materials due to the presence of the ultra fine goethite particles.
The SWCC and saturated permeability of the iron ore fines, when at the densities relevant
to ship loading conditions, are not known and so it is difficult to determine the height of
the saturated zone that would result from running a simulation. However, if it is assumed
that the general shape of the wetting curve for the artificial material containing 28% fines is
similar to iron ore fines as shown previously and that the air entry value will be higher, then
the height of the wet base decreases as can be seen in Figure 5.19. Results are shown for air
entry values of 0.5 to 5kPa, which is the estimated range for iron ore fines (TWG, 2013c).
From Table 5.5 it is evident that the settlements observed in the column are sensitive
to the amount of fines present in the material as the settlements increased with increasing
amounts of fines. This was mainly a result of the assumed values for shear modulus, G, which
have been obtained from the saturated triaxial test data and decrease as the fines content is
increased. Settlements were independent of the drying, scanning or wetting curves used in
the analyses and the initial degrees of saturation used in the analyses also did not seem to
have a significant effect on the resulting settlements. This is because at these particular tested
degrees of saturation, associated with relatively small suctions, the settlements were primarily
controlled by the initial inputted value of the shear modulus, which was chosen based on the
shear modulus of the fully saturated samples. Ideally, larger initial shear modulus values
would have been used in the analysis, as the shear modulus is known to decrease with
increasing degrees of saturation (Lu and Kaya, 2013). However, the relationship between G
and the degree of saturation was not determined experimentally in this study and could not
be determined from the data available. Once the initial shear modulus value was inputted
into the model, it was then allowed to vary based on the changes in effective stress in the
material that resulted during the analysis (Ghorbani et al., 2018).
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Table 5.5 Settlements (mm) from One Dimension Column Analysis
Material Degree of Saturation Drying Scanning Wetting
18% Fines
0.6 20.597 20.596 20.599
0.7 19.678 19.678 19.682
0.8 18.747 18.749 18.741
28% Fines
0.6 22.389 22.389 22.392
0.7 21.399 21.398 21.406
0.8 20.395 20.394 20.406
60% Fines
0.6 54.860 57.604 54.640
0.7 52.145 55.035 52.117
0.8 49.937 52.436 49.701
When higher suctions were present in the column (achieved by running the simulations
at low degrees of saturation less than 30%) then the settlements were primarily controlled
by the suctions as the settlements became significantly less than the settlements that were
observed when the simulation was run at higher initial degrees of saturation. Even though the
variation of G with degree of saturation was not known, having some coupling between the
compressive mechanical and hydraulic responses within the material significantly affected
the distribution of the degree of saturation throughout the column. Figure 5.20 compares the
variation in degree of saturation with depth from an earlier version of the model, where only
the hydraulic behaviour of the artificial materials in a 10m column was modelled without
any settlements. It is evident that the water redistributed less in the uncoupled analyses and
this resulted in a significantly smaller fully saturated region at the bottom of the column.
The centrifuge tests showed that significant settlements can occur within samples prepared
at higher degrees of saturation and this suggests that the coupling of the hydraulic and
mechanical responses is important. In the next section, the centrifuge tests are compared
with the simulation results.
5.4.3 Comparison with Centrifuge Tests
The results from the analyses that were based on the wetting or scanning curves are believed
to be most relevant to the hydraulic response of the samples tested in the centrifuge. These
202
5.4 Simulations
samples experienced a build up in water pressures, increase in degree of saturation and
therefore, decreases in suctions. The trends in the results from the simulations were similar
to the observations in the samples that were tested at higher degrees of saturation in the
centrifuge as in both cases, there was a significant increase in the degree of saturation towards
a fully saturated state, which was also accompanied with some compression. When a wetting
or scanning curve were used to describe the behaviour of samples prepared at degrees of
saturation greater than 70%, the analyses predicted the column to become very close to
being fully saturated. However, the model over predicted the amount that samples, prepared
with lower degrees of saturation of 60%, settled and increased in degree of saturation. In
the simulations performed at higher degrees of saturation, the column did not become fully
saturated because of the drained boundary condition that was set at the top of the soil.
At the top of the column, the excess pore water and air pressures were set to 0kPa and
this effectively allowed air and water to flow out of the system and it was not possible to
retain the water flowing out of the top of the column and allow the water to sit on top of
the unsaturated column. The settlements from the simulations were determined through
performing an elastic analysis and therefore, the resulting settlements were different to the
scaled settlements that were observed in the samples that were tested at higher degrees of
saturation in the centrifuge. The settlements were larger in the simulations of samples with
lower degrees of saturation than in the centrifuge samples because the variation of the shear
modulus with degree of saturation was not taken into account. The shear moduli used in
the simulations were still within the range of values of the shear moduli that can be back
calculated using the coefficient of compressibility, mv, determined from the saturated 1D
settlement analysis on the centrifuge samples. Therefore, the settlements predicted by the
simulations (approximately 2% of the total column height) were similar to the settlements
observed in the centrifuge samples (approximately 5%). The detailed calculations used to
find the shear moduli from the saturated triaxial samples and from using the 1D compression
method have been included in Appendix A.10. However, the shear moduli determined from
the saturated samples were lower than the expected shear modulus of the unsaturated samples
and the saturated shear moduli were used in all the simulations regardless of the initial
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degree of saturation. This is believed to be the main reason why the saturated zone and
water pressures in the column were significantly higher in the simulations, compared to the
measured water pressures in the centrifuge samples that were tested at lower degrees of
saturation.
As discussed earlier, the results from the coupled and uncoupled analyses performed on
the artificial materials showed that compressibility is a very important factor in capturing the
observed hydraulic response of the materials. The coupled analyses captured the significant
increases in saturation towards completely saturated states in the unsaturated column which
are consistent with observations made in the samples tested in the centrifuge. The impor-
tance of compressibility between the uncoupled and coupled simulations also supports the
progressive compression mechanism that is believed to have occurred in the samples during
centrifugation as described earlier. This compression mechanism is believed to propagate
from the bottom to the top of the sample as the wetting front moves upward through the
samples prepared at higher degrees of saturation and this resulted in the centrifuge sample
compressing by approximately 3 to 4mm and becoming close to fully saturated as there was
a layer of water on top of the settled soil surface. This upward flow of water also carried
some fines towards the surface of the samples which were prepared at higher degrees of
saturation and it was discussed that these observations are consistent with the literature which
indicates that suffosion (internal erosion) could occur based on the grading of the artificial
materials. The finer parts in the artificial material have more capillarity than the coarser
parts and therefore the upward movement of the fines would have also increased the speed at
which the saturation front, and accompanying compression propagated towards the surface in
the centrifuge samples. The simulations could not capture the progressive wetting front that
is believed to propagate upward, partly because the variation in the compressibilities with
degree of saturation was not included in the analysis, and because the simulations could not
capture suffosion and the complex movement of fines towards the surface. However, SPAS a
finite element program that uses Richard’s Equation, is capable of capturing the hydraulic
response of materials without deformations, (El-Zein and Balaam, 2008) has been used to
204
5.4 Simulations
investigate the effect that a layer of finer material on the surface of the samples would have
on its steady state hydraulic response.
Figure 5.21a shows the typical geometry that was entered into SPAS for the three models.
The first case modelled the variation in the degree of saturation with depth throughout a
15m thick layer of the well graded artificial material containing 18% fines. In the second
case, a 1m layer of the artificial material containing 60% fines was placed on top of 14m
of the material containing 18% fines. In the third case, the bottom layer was 7m thick and
contained the material with 18% fines, the middle layer was also 7m thick and had the
averaged hydraulic properties of the materials containing 18 and 60% and the top layer was
1m thick and consisted of the material containing 60% fines. The third case tried to capture
the possibility that there was some graded difference in the amount of fines and therefore
the change in the hydraulic properties within the material would have been more gradual. A
saturated boundary condition was defined at the bottom of all the cases, through defining zero
pressure head, and the effect of the increased capillarity of the finer materials in the upper
layers on the variation in the degree of saturation was observed at the steady state. Ideally,
there would not have been a saturated boundary condition at the bottom of the soil and to
model reality, a uniform initial degree of saturation throughout all the layers would have
been used. However, there were numerical issues in SPAS which prevented any change in
the degree of saturation if the system were completely closed. Figures 5.21b to 5.21d shows
the variation in the degree of saturation throughout the three simulated cases. As expected,
the degree of saturation increased with depth in Case 1. In Case 2, there was a significant
increase in the degree of saturation between the bottom coarse layer and the finer upper
layer. Similarly, in Case 3, there was a significant but smaller relative increase in the degree
of saturation between the 3 layers as there was a more gradual change in their hydraulic
properties. These results show that the finer materials located in the upper layers draw water
up as a result of their higher capillarities. In these simulations, the hydraulic properties of
the finer layer were approximated through using the saturated permeabilities and SWCC
parameters of the material containing 60% fines. The variation in the hydraulic properties
throughout the sample once suffosion has occurred, is not known and if the layer at the top of
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the sample were finer than the material containing 60% fines, then this layer will have more
capillarity and there would be a further increase in the degree of saturation within the layer.
5.5 Comparison with Triaxial Tests
The main purpose of performing the centrifuge tests and simulations was to investigate
how the densities and degrees of saturation varied within the cargo, especially towards the
bottom, where the stresses were the same as those used in the cyclic triaxial tests. The results
from the centrifuge tests and simulations suggest that at higher degrees of saturation above
70%, the cargo becomes denser and also fully saturated due to coupled compression and
hydraulic behaviour associated with the redistribution of moisture due to body force within
the material. The unsaturated triaxial samples that were tested at higher degrees of saturation
above 70%, did not become fully saturated during the consolidation stage and this is because
the centrifuge and triaxial samples were tested under different conditions. In the triaxial
apparatus, water was allowed to drain from the samples and they were also subject to a slow
rate of stress increase and therefore, there was no build up in pore water pressures within
the triaxial samples during the consolidation stage. In the centrifuge tests, the bottom of
the sample was brought to the same target stress very quickly and the sudden increases in
water pressure at the bottom of the samples could not initially dissipate as water was not
able to drain out of the bottom of the sample. This sudden increase in total stress and water
pressures caused the compressibility to increase within the bottom soil layer, and this was
the start of the progressive compressive mechanism that propagated upward throughout the
wetter samples. This compressive mechanism did not occur in the triaxial samples because
there was a more gradual increase in stress and different drainage conditions were imposed
as water was free to drain from the bottom of the sample. Compression was observed in the
triaxial samples during the consolidation stage and samples compressed by varying amounts
depending on the prepared void ratios and degree of saturation as typically, looser samples
and samples prepared at higher degrees of saturation compressed slightly more. Due to the
different drainage conditions and rate at which the stresses were applied, the scaled amount
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of settlement that was observed in the centrifuge samples was larger than the settlements
observed in the triaxial samples during the consolidation stage. The higher scaled settlements
that were observed in the centrifuge samples, were believed to be linked to the significant
increases in the degree of saturation towards fully saturated conditions as this was consistent
with the higher settlement values that were observed in the fully saturated triaxial samples as
they compressed more than the unsaturated triaxial samples during the consolidation stage.
The drainage conditions imposed on both the triaxial and centrifuge samples were also
different to the drainage conditions of the cargo in the hold of the ship as, unlike in the
consolidation (and cyclic stages) of the triaxial tests, air would have drained from the cargo
during the consolidation process. However, it is also possible that the ultra fine goethite
particles in the iron ore fines prevented some drainage of air, especially when considering
the response of an element in the middle and at the bottom of the cargo. There may have
also been some drainage at the bottom of the cargo from the bilge pumps, as if they were
used during transportation, they have been reported to remove water from the base of the
cargo and thus caused a decrease in the pore water pressures at the base (TWG, 2013c).
Therefore in reality, the moist cargo at the bottom of the hold is neither fully drained, nor fully
undrained during the consolidation stage and these different drainage conditions would have
affected the variation of degree of saturation and expected settlements within the material.
There is no available settlement data in the literature that reports the settlements that occur
in cargoes of iron ore fines during the loading and consolidation process. However, it is
believed that the increases saturation and the settlements in the centrifuge samples, were
larger than the saturations and settlements that would result in reality, especially as there
have been no reports of water coming to the surface of the iron ore fines cargo during the
loading process. In the TWG reports the Brazil group measured a gradual increase in the
pore water pressures from 15 to 20kPa over 12 days at the bottom of the cargo when the ship
was subject to minimal rocking motions of significant wave heights less than 0.5m during
transportation (TWG, 2013c). This suggests that as the cargo was consolidating, the water
level was approximately 1 to 2m from the base of the cargo when loaded into the ship at
some moisture content below the TML and therefore, the area at the bottom of the cargo
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could have been fully saturated. However, if the cargo were loaded into the ship at lower
degrees of saturation and if more fines were present in the cargo then the redistribution of
moisture would be less and the material at the base could be unsaturated.
The triaxial tests performed in this study have investigated the behaviour of the soil
when at a particular stress states relevant to point located in the middle and bottom of the
cargo. Other stress states exist at different points within the cargo, which may be subjected to
higher CSRs than at the point chosen for this study for a given angle of rotation of the hold.
However, the triaxial tests have allowed the assessment of important parameters including
the effect of grading, degree of saturation and CSR on the soil’s cyclic response, and they
have also been used to determine material parameters required to model and analyse the
behaviour of the materials.
5.6 Conclusions
As the fines content is increased, the ability of the material to retain water also increased
as the SWCC of the materials with more fines shifted towards higher values of suctions.
The centrifuge samples that were prepared at higher degrees of saturation of 70 and 80%
compressed and became close to fully saturated when brought to the same stresses that are
believed to occur at the middle and bottom of the cargo pile. The centrifuge samples that
were tested at lower degrees of saturation did not compress significantly nor experience
large increases in the degree of saturation. In the samples that contained less fines, 18%,
the transition between when samples compressed and became fully saturated and when
they did not, occurred at a lower degree of saturation (60 to 65%) than in the samples that
contained more fines. This is consistent with the shift in the materials’ SWCCs towards
higher suctions for the same degree of saturation and the significant decrease in permeability
between the materials containing 18% and 28 or 60% fines. Results from the coupled
hydro-mechanical simulations of a 15m column showed similar behavioural trends when
the wetting and scanning curves, which are the relevant part of the material’s SWCC for
modelling the hydraulic response of the centrifuge samples, were used in the analysis, as the
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simulated soil column compressed and also increased in degree of saturation towards a fully
saturated state. As expected, the fully saturated zone and resulting water pressures within the
column increased if the initial degree of saturation used in the simulation was increased and
if the hydraulic properties of the materials containing less fines were used. Enabling coupling
between the hydraulic and mechanical responses within the material had an effect on the
settlements and distribution of saturations throughout the simulated column as significantly
smaller fully saturated zones and settlements resulted if an earlier non-coupled version of the
model were used.
The mechanism that is believed to have led to the samples, which were tested at higher
degrees of saturation in the centrifuge, compressing and becoming fully saturated, is a
progressive chain of events that started with a significant increase in total stress and water
pressures at the bottom of the sample. This was followed by some compression and therefore
an increase in saturation and decrease in suction in the bottom layer. Then, the water at the
bottom moved upward through the sample towards areas of higher suctions, thus causing an
increase in saturation and decrease in suction in the upper layer and this resulted in an increase
in compressibility. This chain of events is believed to have propagated upward throughout
the sample during centrifugation. This process is believed to start if the decrease in suction
in the bottom layer were enough to cause a significant drop in the degree of saturation and
therefore decrease in compressibility, and this is related to relationship between the material’s
suction and degree of saturation as defined in the SWCC. In the material containing 18%
fines, the process is believed to have started if the initial degree of saturation were between
60 to 65% while in the materials containing more, 28% or 60% fines, the process initiated
if the sample were prepared at higher saturations of 65 to 70%. This was again, a result of
the shift of the SWCC towards higher values of suctions as fines was added as well as the
decrease in permeability by an order of magnitude between the material containing 18% and
the materials containing 28% and 60% fines. The coupled column simulations could not
capture the complex progressive compression mechanism, partly because the variation in
the compressibilities of the material with degree in saturation was not included in the model,
which is also why larger settlements and saturated zones developed within the column than
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in the centrifuge samples that were tested at lower degrees of saturation. A layer of fines
was also observed to lie on top of the samples tested at higher degrees of saturation and the
movement of fines towards the top is believed to have resulted because of the wetting front
that moved upward throughout the samples with higher degrees of saturation. The upward
movement of fines is believed to have also added to the effect of the upward movement of
water towards the surface of the sample, as finer materials located above coarser materials
have been observed in SPAS to draw water up due to their higher capillarities.
Centrifuge tests also showed that the hydraulic response of iron ore fines was different
to the artificial materials as the iron ore fines retained water more effectively and did not
become fully saturated unless prepared at the TML. Therefore, it is likely that iron ore
fines has a higher air entry value than the artificial materials with similar gradings and the
simulations showed that slight increases in the air entry values significantly decreased the
depth of the saturated zone within the column. It is also unlikely that the cargo in the hold of
the ship, would become fully saturated due to body force as was observed in the centrifuge
tests because in reality, more drainage would occur and there would also be a more gradual
stress increase as the cargo is being loaded into the ship. Pore pressure results from the TWG
reports suggest that a wet base of approximately 1 to 2m develops during consolidation of the
cargo, which suggests that the material at the base of the cargo is saturated. Therefore, as the
mechanical cyclic responses of the artificial materials and iron ore fines were similar when
prepared to similar relative densities and consolidated to the same stresses in the triaxial, the
saturated cyclic behaviour of the triaxial samples presented in Chapter 4 would reflect the
behaviour of the material at a point in the middle and bottom of the cargo. However, if the
cargo were loaded into the ship at lower degrees of saturation, or if more fines were present
in the cargo, the moisture redistribution would be less and the cargo at the bottom would
be unsaturated. If this occurs, then the unsaturated cyclic responses of the triaxial samples
are more likely to reflect the behaviour of an element in the middle and at the bottom of the
cargo. While there are other stress states in the cargo that should be investigated, the triaxial
test data obtained in this study was also used to obtain soil parameters required to perform
simulations that assessed the coupled hydro-mechanical behaviour of the materials. These
210
5.6 Conclusions
soil parameters were also required in analysing the compression behaviour of the samples
tested in the centrifuge.
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Fig. 5.1 Soil Water Characteristic Curves
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Fig. 5.2 Comparison of SWCCs for 18% and 60% Fines
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Fig. 5.10 Photos of Sample at 80% Degree of Saturation Taken Before and After Centrifuga-
tion
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Fig. 5.11 Normalised Functions for Compressibilities (Toll and Ong, 2003)
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Fig. 5.13 Simulated Smooth and Continuous Scanning Paths (Ghorbani et al., 2018)
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Fig. 5.15 Schematic of One Dimensional Column
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(f) Variation of Water Pressures With Depth
Fig. 5.17 Effect of Degree of Saturation
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Fig. 5.18 Effect of Fines Content
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Fig. 5.20 Comparison of Using Coupled and Uncoupled Analysis
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(a) Geometry of Problem for Analysis in SPAS
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(b) Variation in Degree of Saturation with Depth for Case1: All Coarse Material
237
Hydraulic Response of the Well Graded Materials
0
2
4
6
8
10
12
14
16
0 0.2 0.4 0.6 0.8 1
D
e
p
th
 (
m
)
Degree of Saturation
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Fig. 5.21 Results from SPAS
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Chapter 6
Final Conclusions
6.1 Outline
A Critical State Soil Mechanics experimental approach was used to investigate the effect of
fines, density and degree of saturation on the cyclic liquefaction response of materials similar
in grading to iron ore fines. Triaxial testing was used to characterise the mechanical response
of the material when subjected to the stresses and cyclic loads relevant to an element located
in the middle and bottom of the cargo during ship transportation. Initially, the triaxial samples
were tested under monotonic loading conditions to identify the Critical State soil parameters
for the well graded, artificial materials containing 18, 28, 40 and 60% fines. In particular, the
effect of the feldspar fines on the location of the materials’ CSLs was investigated. The effect
of fines content on the possible densities and the densities associated with the TML of the
materials was identified through performing maximum and minimum density tests. Cyclic
triaxial tests were then performed on samples that were prepared at densities associated
with the TML, which were subsequently saturated to target degrees of saturation ranging
from 55 to 100%, and then consolidated to a stress state that is believed to occur at a point
in the middle and bottom of the cargo. For comparison, some samples were also tested at
looser initial densities associated with lower degrees of saturation on the C compaction curve.
The cyclic responses of all the samples were analysed and a method using the relationship
between CRR1000 and the number of cycles and CRR1000 and the degrees of saturation was
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used to conservatively estimate the number of cycles resisted by the majority of the samples
prepared at the densities associated with the C and D compaction curves and at degrees of
saturation ranging between 60 to 100% for a range of CSRs used in this study.
Small centrifuge tests and coupled hydro-mechanical simulations were also performed to
investigate the densities, pore water pressure responses and degrees of saturation throughout
the cargo as a result of moisture redistribution. Only samples containing the artificial materials
with 18, 28 and 60% fines were tested in the centrifuge and were modelled in the hydro-
mechanical simulation to investigate the settlements and variation of degree of saturation
with depth due to the stresses associated with body forces throughout a 15m elastic column.
Data from the monotonic and cyclic triaxial tests were used to calibrate the mechanical part
of the model and parameters from fitting the materials’ SWCCs were obtained for calibrating
the hydraulic part of the model. Finally, the results from the centrifuge and simulations were
compared to the triaxial test results to gain a better understanding of the hydro-mechanical
behaviour of the materials and how they differed from iron ore fines.
6.2 Summary of Main Conclusions
6.2.1 Monotonic and Critical State Behaviour
A transitional fines content of 40% was observed in the silty sands. This transitional fines
content is the percentage of fines present in a silty sand at which the fines, rather than the sand,
clearly becomes the dominant material, controlling the behaviour. However, no transitional
fines content was observed in the densities nor CSLs of the well graded materials as the fines
content was increased within the range of chosen fine contents. An increase of fines content
in the well graded materials caused the CSL to shift towards looser states and this was also
consistent with the observed shift towards looser possible states within the materials with
higher fines contents. This is because there was no clear distinction between the coarse and
fine particle sizes present within the well graded materials, unlike in the gap graded silty
sands. Two unique and parallel CSLs were identified for the well graded materials containing
higher fines contents of 28, 40 and 60%, when samples were prepared very loose and very
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dense. This phenomenon is called transitional soil behaviour and it potentially adds another
layer of complexity in using the CSL to describe the liquefaction potential of a material.
However, it is more conservative to assume that a material will compress more, develop
higher pore water pressures and fail on the denser CSL. Therefore, the dense CSL has been
chosen as the reference to describe the liquefaction responses of the well graded materials
and in most cases, samples that were tested cyclically were also observed to ultimately fail
on the dense CSL.
6.2.2 Cyclic Mechanical Behaviour
As the fines content was increased, the densities that were associated with the TML of the
materials, and therefore the densities which samples were prepared at before being tested,
decreased. At these prepared densities and under fully saturated conditions, a sample’s
resistance to cyclic liquefaction primarily depended on a combination of the density and
state parameter that was achieved before being cyclically loaded. When samples with the
same fines content were compared to one another, the denser samples were observed to resist
more cycles than the looser samples when tested at the same CSR. The material containing
the least amount of fines, 18%, which was also the densest, had the highest resistance to
liquefaction as it resisted the largest number of cycles for any CSR. As the fines content
was increased, an increasing amount of collapse was observed during saturation and for two
samples with the same density, the sample which had a higher fines content resisted more
cycles. Regardless of the fines content, the mode of liquefaction failure could be related
to the material’s state parameter as samples that were saturated and consolidated to a state
further below their CSLs and thus had a more negative state parameter, tended to fail due
to cyclic mobility. However, samples which had a more positive state parameter and thus
were further above their CSLs tended to fail due to cyclic liquefaction. There was no unique
relationship between the sample’s state parameter and the number of cycles to failure and
this is believed to be a result of the inconsistent definition of failure by cyclic mobility that
can result due to the build up of axial strains which is not necessarily associated with the
sample reaching its CSL, the reference from which the state parameter is derived.
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The cyclic resistance of a material increased as the degree of saturation decreased
and samples tested at lower degrees of saturation tended to resist more cycles at higher
CSRs. It was difficult to isolate the effects of density and increases in degrees of saturation
as samples compressed by varying amounts during the anisotropic consolidation stage.
However, unsaturated samples which compressed to higher densities tended to have more
cyclic resistance than the unsaturated samples with lower densities and similar degrees of
saturation. From the cyclic behaviour of samples prepared looser, at densities corresponding
to lower degrees of saturation along the C compaction curve, there was a significant decrease
in a sample’s cyclic strength if there was a large increase in the void ratio, even if these looser
samples were tested at lower degrees of saturation. This suggests that limiting the moisture
content alone to ensure that the cargo is below a certain degree of saturation, may not be
sufficient in preventing cargo liquefaction as density is also an important factor that affects
the cyclic strength of a material. Nevertheless the samples which were prepared at looser
densities associated with lower degrees of saturation along the C compaction curve, still had
more cyclic strength than the fully saturated samples that were prepared denser, at the density
associated with the TML on the C compaction curve. Therefore, a conservative lower bound
in the cyclic strength of these artificial materials can be estimated through performing simpler
saturated undrained cyclic triaxial tests on samples prepared at the densities corresponding to
the TML if it is assumed that the cargo will be loaded below its TML and according to the
densities and corresponding degrees of saturation defined by the C or D compaction curve.
The well graded materials tested in this study contained a larger range of particle sizes than
in most other cyclic liquefaction behaviour studies. However, the general cyclic behavioural
trend of these materials under both saturated and unsaturated conditions was found to be
consistent with previous data on different sands when a normalised CRR was plotted against
the number of cycles to failure. The cyclic data of the artificial well graded materials
containing 18 and 28% fines also lay within the same general band of cyclic behaviour as
the iron ore fines as shown in the TWG reports when prepared at similar relative densities
and anisotropically consolidated to the same stresses. This suggests that the mechanical
behaviour of the material is primarily controlled by its grading and even though the particle
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size distribution curves vary at particle sizes below 0.075mm. The triaxial data presented in
this study is comparable to the existing cyclic triaxial data presented in the TWG reports that
have been used to investigate cyclic behaviour of shipped cargoes. The relationships between
CRR1000 and the number of cycles and CRR1000 and the degrees of saturation can be used to
safely estimate the number of cycles resisted by the majority of the samples tested in this
study, that were tested at the densities associated with the C and D compaction curves, at
degrees of saturation ranging between 60 to 100% and at a range of CSRs. Furthermore, the
predicted number of cycles resisted by samples before reaching failure, gave a conservative
lower estimate of the number of cycles that samples would resist within the range of cycles,
between 500 and 3000, which is relevant to the large number of cycles that are recorded
during shipping transportation.
6.2.3 Hydraulic Behaviour
An increase in the fines content resulted in the SWCCs of the materials shifting towards
higher values of suction and therefore, as expected, materials with higher fines content had
more ability to retain water. Samples that were tested in the centrifuge were sensitive to
the initial degree of saturation as samples that were prepared at higher degrees of saturation
above 70%, compressed and the final water table lay above the settled soil surface, suggesting
that these samples approached full saturation. This was not observed to occur in the samples
that were prepared at lower degrees of saturation and the transition between when samples
compressed and increased significantly in saturation and when they did not depended on
the material’s SWCC and permeabilities. In the samples that contained the least amount
of fines, 18%, this transition occurred at a relatively low degree of saturation between 60
and 65%. However, in the samples that contained more fines, 28 or 60%, the transition
occurred at a higher degree of saturation between 65 and 70%, which is consistent with
the shift in the materials’ SWCCs towards higher suctions and the significant decrease in
permeability between the materials containing 18% and 28 or 60% fines. Results from the
coupled hydro-mechanical simulations showed similar behavioural trends when the wetting
and scanning curves, the relevant part of the material’s SWCC for modelling the hydraulic
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response of the samples, were used in the analysis, as the soil column compressed and
also increased in degree of saturation. As expected, the fully saturated zone and resulting
water pressures within the model column increased if the initial degree of saturation in the
simulation were increased and if the hydraulic properties of the materials containing less
fines were used in the simulation.
The mechanism that is believed to have led to the samples tested at higher degrees of
saturation in the centrifuge compressing and becoming fully saturated, is a progressive
chain of events which starts with a significant increase in total stress and water pressures
at the bottom of the sample and this is followed by compression and therefore an increase
in saturation and decrease in suction in the bottom layer. Then, the water in the bottom
layer moves upward towards areas of higher suctions, causing an increase in saturation
and decrease in suction in the upper layer and this results in an increase in compressibility.
This chain of events is believed to have propagated upward throughout the sample during
centrifugation. This process is believed to start if the decrease in suction in the bottom
layer is enough to cause a significant drop in the degree of saturation and therefore drop in
compressibility, and this is related to relationship between the material’s suction and degree
of saturation as defined in the SWCC. In the material containing 18% fines, the process is
believed to have started when the initial degree of saturation is between 60 to 65% while in
the materials containing more, 28% or 60% fines, the process initiated when the samples
are prepared at higher saturations of 65 to 70%. The coupled column simulations could
not capture this complex mechanism, partly because the variation in the compressibilities
of the material with degree of saturation was not included in the model, which is also why
larger settlements and saturated zones developed within the column than in the centrifuge
samples that were tested at lower degrees of saturation. A layer of fines was also observed to
lie on top of the samples tested at higher degrees of saturation and the movement of fines
towards the top is believed to have resulted because of the wetting front that moved upward
throughout the samples with higher degrees of saturation. The upward movement of fines
is believed to have also added to the effect of the upward movement of water towards the
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surface of the sample, as finer materials located above coarser materials have been observed
to draw water up due to their higher capillarities.
The small centrifuge tests also showed that iron ore fines retained water more effectively
than the artificial materials as samples of iron ore fines did not approach fully saturated states
during centrifugation except when prepared at the TML. Therefore, it is likely that iron ore
fines has a higher air entry value than the artificial materials with similar gradings. The
simulations showed that slight increases in the air entry values significantly decreased the
depth of the saturated zone within the column. It was also unlikely that the cargo would
become fully saturated due to body force, as was observed in the centrifuge tests, because in
reality, more drainage would occur and there would also be a more gradual stress increase
within the cargo as it is being loaded into the ship. Therefore, the sudden large build up in
pore water pressures and decreases in effective stress that were observed within the centrifuge
samples, which resulted to significant increases in degree of saturation and settlements in
the wetter samples tested would not occur in reality. However, pore pressure results from
the TWG reports suggest that a wet base of approximately 1 to 2m thick develops during
consolidation of the cargo, suggesting that there are instances when the material at the base
of the cargo is saturated. The redistribution of moisture throughout the cargo is dependent on
the cargo’s initial degree of saturation when it is loaded into the hold of the ship. If the cargo
were loaded into the ship at dryer states, which is likely given that the TML is the absolute
maximum allowable moisture limit, or if more fines were present in the cargo, the moisture
redistribution would be less and the cargo at the bottom could be at an unsaturated state.
Therefore, as the mechanical cyclic responses of the artificial materials and iron ore fines
were similar when prepared at similar relative densities and consolidated to the same stresses
in the triaxial, the cyclic behaviour of both the saturated and unsaturated the triaxial samples
presented in Chapter 4, would reflect the range of possible behaviours of the material at a
point in the middle and bottom of the cargo.
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6.3 Significance
This project has resulted in a large set of triaxial data that characterises firstly the monotonic
saturated responses of artificial well graded materials with fine contents of 18, 28, 40 and
60% at a variety of densities and secondly, the cyclic, saturated and unsaturated responses of
well graded materials that have been prepared at densities, along the C and D compaction
curves, related to the loading process of these materials onto bulk carriers. These materials
are similar in grading to metallic ores and in particular to iron ore fines, a problematic bulk
cargo that is prone to liquefaction during shipping transportation (TWG, 2013c), which
has caused the loss of at least 24 large ore carriers in the past 30 years. A range of soil
mechanics based testing, including some triaxial testing has been performed and presented
in reports presented by the TWG that assesses the liquefaction response of iron ore fines.
However, the purpose of the TWG reports was to only investigate the cyclic response of
the iron ore fines when loaded cyclically at conditions that occurred during the shipping
transportation relevant to the Australia-A, Australia-B and Brazil groups. As a result, it was
difficult to compare the results from different tests and gain an overall understanding of the
cyclic behaviour of these materials as tests with slightly different loading conditions were
performed on separate batches of iron ore fines that had a range of different gradings and
fine contents. The collection of triaxial data in this thesis has helped to gain a more holistic
understanding of how the density and degree of saturation affects the cyclic mechanical
liquefaction response of materials with a range of fine contents and gradings similar to iron
ore fines and potentially other shipped metallic ores. The triaxial data was also used to
obtain soil parameters required for fully coupled hydro-mechanical simulations, that assessed
behaviour of the materials. These soil parameters were also used to analyse the compression
behaviour of the samples tested in the centrifuge.
A small centrifuge apparatus that is capable of measuring the pore water pressures
throughout the samples live during centrifugation was also developed for this project. Data
collected from performing small centrifuge tests and results from running a fully coupled
hydro-mechanical simulation, helped to gain a better understanding of the coupled hydraulic
and compressive responses of the artificial materials when brought to the stresses expected to
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result within the material after being loaded into the hold of a ship. The TWG reports suggest
that water redistributes towards the bottom of the cargo during the consolidation stage which
may or may not result in a wet base, depending on the initial moisture contents and densities
and the fine content present in the cargo. The centrifuge tests and simulations showed that
the final distribution of the degrees in saturation within the material varied depending on the
materials’ fines contents and initial degree of saturation.
6.4 Future Research
There are many other stress states that exist within the cargo than at the point that was
investigated in this study and therefore, further development and calibration of the coupled
hydro-mechanical simulations is necessary to more accurately determine the variation in
densities, suctions, degree of saturation and stresses within the cargo once it has been loaded
into the hold of the ship. More cyclic triaxial tests could then be performed at the relevant
densities, suctions, degrees of saturation and stress states to gain a better understanding of the
cyclic response of the material at different points within the cargo. A more reliable method
of measuring the air pressures within the unsaturated triaxial samples needs to be developed
and implemented, especially when testing more permeable samples at higher degrees of
saturation, to prevent water flowing from the samples into the top drain and interfering
with the air pressure readings. An option is to use hydrophilic filter paper, which has been
used by (Wang, 2014) to prevent water flowing from the sample into the top air pressure
transducer during unsaturated triaxial testing. However, if the samples are being tested at
higher degrees of saturation, water can still flow around the filter paper as the water pressures
can become significantly higher than the air pressures during testing. Alternatively, samples
could be tested at higher air pressures to prevent negative suctions from occurring which
would require modifications to be made to the triaxial system that enable air pressures to be
both controlled and monitored. The hydro-mechanical model would also need to be used to
find the correct suction states that samples should be tested at to capture the correct behaviour
of an element located at various points of interest within the cargo. A hydraulic loading frame,
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which is capable of cyclically loading the triaxial samples at higher frequencies (0.1Hz) and
maintaining the amplitudes that are required achieve the target CSRs relevant to the rocking
motions of the ship, could also be used instead of the Wykeham Farrance Tritech loading
frame.
The variation of the materials’ compressibilities with degree of saturation also needs
to be determined through performing monotonic unsaturated tests at different confining
pressures and also at varying suctions. These compressibility parameters then need to be
incorporated into the hydro-mechanical model to more accurately simulate the coupled
hydro-mechanical response of the materials. Hanging column tests should also be performed
to more accurately measure the SWCCs of the materials at the low suctions relevant to the
suctions and degree of saturations that are believed to occur in the cargo during the loading
process and transportation. The hydro-mechanical model has the potential to simulate the
cyclic response of the well graded artificial materials and other metallic ores, as it is currently
capable of modelling the unsaturated and saturated cyclic behaviour of sands when subject
to seismic cyclic loading conditions. However, further calibration of the model is required
before the cyclic behaviour of the artificial well graded materials or iron ore fines, which
contain a much wider range of particle sizes than sands, is correctly captured when subjected
to the rocking motions relevant to shipping transportation. The rocking motions would also
cause a range of CSRs to result within the cargo and the simulations could also be used to
identify areas in the cargo which are loaded at higher CSRs and are therefore, more likely to
fail. However, even if failure is observed in various areas within the cargo, understanding how
the cargo behaves as a whole when subjected to cyclic loads during shipping transportation
still remains a challenge.
The behaviour of the cargo as a whole can also be captured through performing centrifuge
tests or other scaled modelling methods. Firstly, the image quality in the video taken of
the sample live during centrifugation needs to be improved and this can be achieved by
moving the received to a location in the middle of the centrifuge lid as this would to stop
fluctuations in signal strength. More lights also need to be added onto the rotor and positioned
so that they shine directly onto the sample. Other modifications need to be made to the
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small centrifuge apparatus so that rocking motions can be applied to the sample during
centrifugation. However, due to the space and weight restrictions, it is challenging to design
a mechanism which can rock the sample at the required scaled frequencies and amplitudes
relevant to shipping transportation during centrifugation. The live camera footage of the
sample also needs to be improved to a level of quality where PIV analysis can be used to
visually track particle and water movements and displacements within the sample. More
control over the rate at which the centrifuge accelerates to the target rotational speed is
also required to prevent the unrealistically large and sudden build up in excess pore water
pressures, particularly at the bottom of the sample or alternatively, the viscosity of the fluid
present in the centrifuge samples could be scaled up to account for the sudden accelerations
used to reach the target speeds in the initial stages of centrifugation. Moisture content sensors
could also be used to gain a better understanding of the redistribution of moisture within
the sample during centrifugation. However, the moisture content sensors would need to be
specially designed and built for the small centrifuge as the moisture content sensors that are
available off the shelf are too large to be used the small centrifuge. Larger model shake table
tests could also be performed and regular sized high speed cameras, pore pressure transducers
and moisture content sensors could be used to measure the particle displacements, water
pressures and moisture contents within the materials.
The results from the centrifuge tests and simulations showed that there is some redis-
tribution of moisture throughout the materials due to body force, and this redistribution of
moisture also causes changes in density and degrees of saturation in the materials. Cyclic
triaxial tests have also been performed at various CSRs on samples of the artificial materi-
als, that have been prepared at different degrees of saturation and densities relevant to the
loading process, in order to capture a range of possible cyclic responses of the cargo. A fully
instrumented full scale test, preferably performed with the correct geometries in the hold of
the ship, is needed to validate the hydro-mechanical model and demonstrate the ability of the
soil mechanics model to reproduce the behaviour of the cargo, especially as there are a large
number of parameters and uncertainties in the initial conditions of the cargo. Further testing
should also be performed on iron ore fines to complement the tests performed in this study
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on the artificial materials. In particular, the testing should aim to identify the hydraulic and
compressibility related material parameters of iron ore fines as results from the centrifuge
tests showed that the hydraulic and compressive behaviour of iron ore fines differed from
the artificial materials. The simulations also showed that small differences in the inputted
values for the hydraulic and compressibility related parameters also affected the predicted
thickness of the saturated zone and settlements within the material. This thesis has helped to
gain a more holistic understanding of how the grading, fines content, density and degree of
saturation affect the cyclic liquefaction response of materials similar in grading to iron ore
fines, a cargo that has been the main focus of this study. The findings from this thesis are also
relevant to other metallic ore cargoes of similar gradings, that are susceptible to liquefaction
during shipping transportation.
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Appendix A
Appendices
A.1 Uniform Density Check
To check whether the triaxial samples were prepared with a uniform density, a representative
sample prepared via compaction at a target void ratio of 0.45 was cut in two. The dry density
of the two subsamples, taken at the top and bottom of the sample, were calculated based
on the subsamples’ dry masses and known volumes as shown in Table A.1. As can be seen
in Table A.1, the two subsamples had similar densities and therefore, it was assumed that
samples were uniformly compacted.
Table A.1 Check Whether Samples were Prepared with Uniform Densities
Layer Volume (cm3) mbowl mbowl + mdrysoil mdrysoil ρdry (cm3/g)
Top 605 290 1392 1102 1.82
Bottom 887 225 1853 1628 1.83
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Appendices
A.2 Sieve Analyses
Sieve analyses were performed on the top, middle and bottom portions of some triaxial
samples to investigate whether breakage occurred and whether the fines migrated throughout
the samples during triaxial testing. The dotted lines represent the initial grading of the
samples and the points in Figures A.1a to A.1e represent the data from performing a sieve
analysis the top, middle and bottom sections of the triaxial samples. As the post test gradings
were similar to the original gradings, this suggests that no detectable breakage occurred and
there was no migration of fines throughout the sample.
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A.3 Determination of Shearing Rate
ASTM Standards D4767-11 (ASTM, 2007) outlines the Standard Test Method for Consol-
idated Undrained Triaxial Compression Test for Cohesive Soils. Section 8.4.2 states that
the axial load should be applied at a rate of axial strain that will result in an approximate
equalisation of pore pressures throughout the specimen at failure. A suitable rate of strain
can be calculated according to Equation A.1
εrate =
4%
10t50
(A.1)
where t50 is the time for 50% of primary consolidation to occur and is defined in Equa-
tion A.2.
t50 =
T50H2
cv
(A.2)
where T50 is a dimensionless unit of time that can be found to be 0.2 using the U vs
Tv curves from the one dimensional consolidation chart (Craig, 2013), H is the maximum
drainage path length which is half the height of the sample, 100mm and cv is the coefficient
of consolidation, measured by ramping up the pore pressures in the sample quickly and then
recording the time required for the pore pressures in the samples to dissipate. Values of cv in
sandy clays tend to vary from 10 ×10−4 to 100 ×10−4cm2/s (Bardet, 1997) and therefore a
cv of 10 ×10−4cm2/s was used to find a lower bound value for cv. The 4% strain value in
Equation A.1 can be replaced by the actual strain that relates to when the sample reaches
failure at the critical state and for the majority of samples in this study, this occurred at axial
strains of approximately 20%.
Therefore, t50 is 20,000 seconds and εrate is 0.54%strain/hour. A slightly quicker strain
rate of 0.6% strain/hour was used in this study. However, given the large range of values for
cv, it is likely that the actual value for cv and resulting lower bound εrate required to allow
pore water pressures to dissipate, would be higher.
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A.4 Cell Correction
The change in volume for the unsaturated triaxial samples was calculated by monitoring
the change in volume of the cell water around the sample and by applying a two volume
corrections. The volume corrections are shown in Equations A.3 and A.4 below.
ramcorrection =−π(ramdiameter2 )
2(currentheightsample− initialheightsample) (A.3)
cellcorrection =−(0.3272(gdscellpress2)−255.6(gdscellpress)−5187) (A.4)
where gdscellpress is the current cell pressure and cell correction is the expansion of the
cell due to an increase in cell pressure up to 200kPa. This equation was the fitting curve for the
measured cell water volume changes due to changes cell pressures in Figure 2.5. Therefore,
the actual change in volume of the sample was calculated according to Equation A.5.
dvcellcorrection = dvcell− cellcorrection+ ramcorrection (A.5)
where dvcell is the current measured change in cell water volume. The measured pore air
pressures within the samples and Boyle’s Law have also been used to assess the accuracy of
this procedure and how reliable it was when testing samples of different degrees of saturation.
Details can be found in Kwa and Airey (2019)
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A.5 Moisture Content Check in the Unsaturated Samples
Moisture content analyses were performed on unsaturated triaxial samples containing 18 and
60% fines, which were prepared at high, approximately 80%, degree of saturation to check
whether the moisture distributed evenly during the saturation stage. Moisture contents at
the top, middle and bottom of the samples were measured and the results are summarised in
Tables A.2 and A.3.Similar moisture contents were measured in the different layers within
the soil samples and therefore, it is evident that the moisture distributed evenly throughout
the samples.
Table A.2 Moisture Content Analyses of Unsaturated Sample Containing 18% Fines
Layer mbowl mbowl + mwetsoil mbowl + mdrysoil mwetsoil mdrysoil mc
Top 224 1823 1690 1599 1466 0.091
Middle 176 1069 997 893 821 0.088
Bottom 146 906 839 760 693 0.097
Table A.3 Moisture Content Analyses of Unsaturated Sample Containing 60% Fines
Layer mbowl mbowl + mwetsoil mbowl + mdrysoil mwetsoil mdrysoil mc
Top 216 1457 1302 1241 1086 0.143
Middle 291 917 835 626 544 0.151
Bottom 229 1470 1315 1241 1086 0.143
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A.6 Effect of Centripetal Force on the Shape of the Water
Meniscus
Figure A.2 shows a schematic of how the water meniscus would deform based on the forces
acting on a sample of water during centrifugation from gravity and circular motion. The
shape of the meniscus meniscus can be visualised from the front and side of the container
as shown in Figure A.2, which would have affected the water pressure readings taken from
the pore pressure transducers located on the underside of the container during centrifugation.
This section outlines the methods used to estimate the variation in the height of the meniscus
viewed from the front side of the container. Figure A.3 shows the dimensions used during the
derivation of the equation used to estimate the effect of the centripetal force on the shape of
the water meniscus. T is the thickness of the box, 39mm, W0 is the width of the box, 75mm,
X0 is the maximum height of the water in the meniscus which was assumed to be equal to the
original water level, an underestimate of the actual water level when the meniscus forms, θ
is the angle in radians formed due to the width of the box and change in height of the edges
of the meniscus from the centre of rotation, r. To find the effect of centripetal force on the
shape of the water meniscus, it was assumed that there was no friction between the water and
the side of the perspex box and that the water was incompressible and as a result, the volume
of water remained constant during centrifugation. Therefore, the volume of water, V , can be
expressed by Equation A.6
∫ T
0
Adz =V (A.6)
where A represents the area of a sliced section of the area of water at a particular T and
can be expressed by Equation A.7
A = X0W0− 12(θ − sinθ) (A.7)
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Fig. A.2 Schematic of Water Meniscus
By using control volume theory on rotating volumes of water, dz can be related to r by
Equation A.8
dz =
ωr
g
dr (A.8)
Therefore, by substituting Equations A.7 and Equation A.8 into Equation A.6, Equa-
tion A.9 results.
ω2
g
∫ T
0
W0X0− 12(θ − sinθ)r
2dz =V (A.9)
solving this integral results in Equation A.10
ω2
g
(
X0W0
r2
2
− r
3
6
(θ − sinθ))=V (A.10)
Solving for r gives the variation in the meniscus throughout the thickness of the box, T .
If it is assumed that the value for X0 is equal to the original water level (47.5mm), that the
samples can be spun up to an angular velocity, ω , of 136rad/s and that θ is 0.139 radians
then the maximum variation in the meniscus of the water or r, is approximately ±1.7mm. In
reality, the water height at the edge of the sample container, X0, would be higher than 47.5mm
during centrifugation. An increase in X0 by 2mm, results in approximately a ±0.25mm
difference in r. Therefore, the theoretical curves presented in Figure 2.12 were shifted down
slightly and can be observed to be in agreement with the actual water pressures measured by
the three pore pressure transducers during centrifugation.
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Fig. A.3 Diagram Including Dimensions Used to Estimate the Dip in the Water Meniscus
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A.7 Compaction Test Results
Figures A.4a to A.4g show the results from performing modified compaction tests on all the
materials tested in this study according to Australian Standard AS1289.5.2.1. The dotted line
in all the figures below represents the Zero Air Voids line.
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Fig. A.4 Compaction Curves
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A.8 Theoretical Moisture Content Distribution in Centrifuge
Samples
This section shows the calculations required to find the theoretical moisture contents in the
samples that were tested at low degrees of saturation of 60% in the centrifuge. It was assumed
that there were no change in void ratio in these samples. The theoretical distribution the
of water pressures within these samples was obtained by extrapolating the water pressures
measured at the bottom of the samples, back towards the surface. Please see Figure A.5 for
a summary of the results.
Mass of solids
ms =
V Gs
1+ e
(A.11)
where V is the volume of the centrifuge sample
Moisture content
mc =
Sre
Gs
(A.12)
Theoretical mass of solids
ms =
weighting
prepared ms
(A.13)
where the weighting is the proportion of the sample which has a particular moisture content
Theoretical mass water
mw = mcms (A.14)
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Prepared Sample Conditions
Fines (%) 18 28 60
Gs 2.87 2.82 2.66
e 0.35 0.4 0.52
ms (g) 342 324 282
DoS 0.6 0.6 0.6
mc target 0.07 0.09 0.12
mw total (g) 25.03 27.58 33.02
Theoretical Values
18% Fines
Depth DoS mc weighting ms (g) mw (g)
55 0.45 0.05 0.3 101.6 5.6
38.67 0.58 0.07 0.3 101.6 7.2
22.33 0.72 0.09 0.3 101.6 8.9
6 0.85 0.10 0.1 37.3 3.9
TOTALS 1 342.01 25.54
28% Fines
Depth DoS mc weighting ms (g) mw (g)
55 0.45 0.06 0.3 96.2 6.1
38.67 0.58 0.08 0.3 96.2 8.0
22.33 0.72 0.10 0.3 96.2 9.8
6 0.85 0.12 0.1 35.4 4.3
TOTALS 1 324 28.1
60% Fines
Depth DoS mc weighting ms (g) mw (g)
55 0.55 0.11 0.3 83.6 9.0
38.67 0.65 0.13 0.3 83.6 10.6
22.33 0.75 0.15 0.3 83.6 12.3
6 0.85 0.17 0.1 30.7 5.1
TOTALS 1 281.5 37.0
Fig. A.5 Theoretical Moisture Content Distribution in the Centrifuge Samples with 60%
Degree of Saturation
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A.9 Settlement Calculations
Three different methods were used to approximate the final height of the soil and water table
in the centrifuge samples which were tested at 80% degree of saturation. The following
sections show the calculations that were made in the three methods to approximate the
settlements in these samples.
A.9.1 Method 1: Volumes of Soil and Water
Please see Figure A.6 for a summary of the results.
Moisture content
mc =
Sr
Gs
(A.15)
The mass of water
mw = mcms (A.16)
Volume of solids
Vs =
ms
Gsρw
(A.17)
Height of solids
Hs =
Vs
LboxWbox
(A.18)
Height of water
Hw =
Vw
LboxWbox
(A.19)
Total Height of solids and water
HTotal = Hs +Hw (A.20)
Final Void ratio where all voids are filled with water
e f inal =Vw/Vs (A.21)
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Settlements
Settlement = Hinitial−HTotal (A.22)
A.9.2 Method 2: Pore Water Pressures at Base
Please see Figure A.7 for a summary of the results.
Water pressure at a radius (r) from the middle of the centrifuge
uw =
ρω2
2
(r21− r22) (A.23)
Rearranged to find the height of the sample given the water pressures
hsample = r−
√
r2− 2uw
2ω2
(A.24)
A.9.3 Method 3: 1D Compression
Please see Figures A.8 and A.9 for a summary of the results.
Bulk unit weight of water
γbulk = (1+mc)
Gsγw
1+ e
(A.25)
Initial total stress
σ = depthγbulk (A.26)
Initial water pressure
uw = depthγw (A.27)
Initial and Final effective stress
σ ′ = σ −uw (A.28)
Final total stress
σ = depthγbulk
ω2r2
2
(A.29)
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Fig. A.6 Method 1: Volumes of Soil and Water
Fig. A.7 Method 2: Pore Water Pressures at Base
Final water pressure
uw = depthγw
ω2r2
2
(A.30)
Final void ratio assuming 1D saturated compression
e f inal = einitial−λ log(
σ ′initial
σ ′f inal
) (A.31)
Final void ratio assuming 1D unsaturated compression
ν = N−λvplog(p−ua)−λvslog(ua−uw) (A.32)
Settlement where ∆l is the layer thickness
Settlement =
l=10
∑
l=1
e f inal− einitial
1− einitial ∆l (A.33)
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A.10 Obtaining the Shear Modulus
The effective elastic shear modulus, G′sample of a monotonically loaded triaxial sample tested
under drained conditions, can be determined based on the gradient of the initial deviatoric
strain, εeq vs deviatoric stress q curve according to Equation A.34.
G′sample =
q
3εeq
(A.34)
However, the shear modulus also varies depending on the sample’s void ratio, e, and
confining stress, pcon, according to Equation A.35 (Dafalias and Manzari, 2004)
G′sample = G
′pat
2.97− e2
1+ e
(
pcon
pat
)0.5
(A.35)
where pat is atmospheric pressure. Therefore, the elastic shear modulus G of the material
is the gradient in a plot of the elastic shear modulus of each sample, Gsample with X where
X is equal to the pat 2.97−e
2
1+e
(
pcon
pat
)0.5
part of Equation A.35 as shown in Figures A.10. An
approximation of G can also be determined from using the coefficient of compression, mv,
from the 1D settlement analysis according to Equation A.36 and in terms of Poisson’s ratio,
ν ′, as shown in Equation A.37
mv =
−1
1+ e
de
dσ ′
(A.36)
mv =
(1+ν ′)(1−2ν ′)
(1−ν ′)E ′ (A.37)
where ν ′ is assumed to be 0.3 and E ′ is Young’s Modulus for a drained triaxial sample.
G′ is related to E ′ through Equation A.38
G′ =
E ′
2(1+ν ′)
(A.38)
Therefore, the resulting values for the shear moduli for each material are summarised in
Table A.4 and evidently, the shear modulus calculated from the triaxial data that was used in
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the simulations is within the range of the shear modulus values back calculated from using
mv in the 1D analysis.
Table A.4 Summary of Shear Modulus G (kPa)
Material G′ Used in Simulations G from Using 1D Settlement Analysis
18% Fines 158 22 to 675
28% Fines 115 16 to 537
60% Fines 64 9 to 196
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Fig. A.10 Shear Modulus of Each Material
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A.11 Results from the Coupled Hydro-Mechanical Simu-
lations
Figures A.11a to A.11q show the variation in the degree of saturation and water pressures with
depth in the 15m elastic column when different initial degrees of saturation and the drying,
scanning or wetting parts of the artificial materials’ SWCCs are used in the simulations.
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(b) Variation in Water Pressures with Depth
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(c) Variation in Degree of Saturation with Depth
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(e) Variation in Water Pressures with Depth
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(f) Variation in Water Pressures with Depth
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(g) Variation in Degree of Saturation with Depth
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(h) Variation in Water Pressures with Depth
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(m) Variation in Degree of Saturation with Depth
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(o) Variation in Degree of Saturation with Depth
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Fig. A.11 Results from Simulations
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